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Thermonuclear X-ray bursts
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Abstract Type-I X-ray bursts arise from unstable thermonuclear burning of ac-
creted fuel on the surface of neutron stars. In this chapter we review the fundamen-
tal physics of the burning processes, and summarise the observational, numerical,
and nuclear experimental progress over the preceding decade. We describe the cur-
rent understanding of the conditions that lead to burst ignition, and the influence of
the burst fuel on the observational characteristics. We provide an overview of the
processes which shape the burst X-ray spectrum, including the observationally elu-
sive discrete spectral features. We report on the studies of timing behaviour related
to nuclear burning, including burst oscillations and mHz quasi-periodic oscillations.
We describe the increasing role of nuclear experimental physics in the interpretation
of astrophysical data and models. We survey the simulation projects that have taken
place to date, and chart the increasing dialogue between modellers, observers, and
nuclear experimentalists. Finally, we identify some open problems with prospects
of a resolution within the timescale of the next such review.
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1 Overview
Thermonuclear (type-I) bursts are triggered by unstable ignition of accreted fuel on
the surface of neutron stars (e.g. [1]). The first such events were detected in 1975
from the ultracompact binary 3A 1820−30 (in the globular cluster NGC 6624) with
the Small Astronomy Satellite 3 (SAS-3) and the Astronomical Netherlands Satel-
lite (ANS; [2, 3]). Since then, a growing population of bursters (currently numbered
at 1101) has been observed by almost every major X-ray satellite, sometimes for a
substantial fraction of their mission duration. These events remain a high observa-
tional priority, as a key diagnostic of the nature of newly-discovered transient X-ray
binaries. In addition, thermonuclear bursts have been increasingly exploited to con-
strain the fundamental properties of the host neutron stars, and to probe the accretion
environment of the binary system.
In this chapter we focus on the research areas that have been of highest priority
to both observers and theorists in the previous decade. These areas include the fun-
damentals of ignition of different types of bursts; the study of “long” bursts, both
intermediate-duration (He) bursts and superbursts (the latter thought to burn carbon,
rather than the H/He fuel for short bursts); the study of burst oscillations; the physics
of the formation of the burst spectra, and the focus on deriving neutron-star param-
eters from them; the searches for, and theoretical predictions of, discrete features in
the burst spectra; the phenomenon of mHz QPOs, and the link with steady burning;
the role of nuclear experimental physics, and the growing dialogue between the dif-
ferent communities; progress in simulating bursts; and the growing role for bursts
in probing the environment around the neutron star.
This chapter serves as an update to a series of thorough previous reviews, be-
ginning in 1993 with [4] and the subsequent work developed from it [5]; the 1998
review [6], covering the current state of the theory and the unexpected results from
the European X-ray Observatory Satellite (EXOSAT); the 2006 review (published
initially in 2003), with its focus on new phenomena discovered in the preceding
decade, including burst oscillations [7]; and the 2012 review of burst oscillations
and related phenomena [8].
1.1 Theory of Burst Ignition and Nuclear Burning Regimes
Soon after their discovery, measurements of the ratio of burst to accretion energy
(the so-called α-parameter) established that X-ray bursts are produced by thermonu-
clear burning of accreted material [9, 10]. Here we introduce the mechanism of
runaway burning and present the classical picture of the different burning regimes.
1 http://burst.sci.monash.edu/sources
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1.1.1 Fuel Accretion from a Binary Companion Star
The fuel for X-ray bursts originates from the outer layers of a binary compan-
ion star. Typically, it is expected to have a composition similar to the Sun, pre-
dominantly hydrogen and helium, as well as small amounts of CNO and other
metals. An exception are the ultra-compact X-ray binaries (UCXBs; e.g., [11])
where most of the accreted material is helium, with at most a small mass frac-
tion of hydrogen (. 10%; [12]). The material is transferred by Roche-lobe over-
flow to the neutron star via an accretion disk at rates up to the Eddington limit, of
M˙Edd = 3.0×10−8Myr−1 (1+X)−1(R/10km), with X the hydrogen mass fraction
and R the neutron star radius (ignoring general relativistic corrections). M˙ can vary
by orders of magnitude on time scales of days to decades. In transient systems, ac-
cretion occurs episodically, and is effectively switched off (“quiescence”) for long
periods of time in between. We will see that the properties of X-ray bursts depend
on M˙, and therefore a wide range of bursting behaviour may be observed from a
single accreting neutron star, as its M˙ changes with time.
Material falling on the neutron star is expected to rapidly spread across its sur-
face, due to the lateral pressure gradients imposed by the strong (≈ 1014 cms−2)
gravity. The presence of accretion-powered pulsations in some 16 low-mass binaries
(of which 8 are also burst sources; [13, 14]) implies that the magnetic field strength
is sometimes sufficient to confine the accreted fuel. For most bursting sources the
magnetic field is thought to be dynamically unimportant.
1.1.2 Runaway Thermonuclear Burning in a Thin Shell
Accretion grows the fuel layer on top of the neutron star until the depth for ther-
monuclear ignition is reached. It is convenient to express the depth of the layer
as the column depth at radius r: y(r) =
∫ ∞
r ρ(r′)dr′, with ρ the mass density. The
column depth y measures the mass above a unit area at radius r, making y a mass
coordinate measured from the outside in. Hydrostatic equilibrium in the layer can be
expressed as dP=−gρdr, with P the pressure and g the gravitational acceleration.
Because the envelope is relatively thin, g can be approximated as being constant
in the outer layers. Hydrostatic equilibrium is then simplified to P = −gy, which
shows that y is also a pressure coordinate.
Compression increases the density and temperature in the fuel layer with depth.
A few meters below the stellar surface (from y' 108 gcm−2 for hydrogen/helium),
the conditions for thermonuclear fusion can be achieved, and the neutron star enve-
lope is heated by nuclear burning. The thin-shell instability (aided by mild electron
degeneracy) prevents the neutron star envelope from cooling by expansion, and al-
lows the fuel layer to continue to heat up (see §2 for further discussion).
For several of the important nuclear processes, the thermonuclear burning rate
increases sharply with temperature (Fig. 1). Therefore, any heating from nuclear
burning further increases the burning rate. This leads to a thermonuclear runaway,
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Fig. 1 The specific energy generation rate, εnuc, as a function of temperature, T for the three
nuclear processes important for burst ignition. We calculate εnuc at a density of ρ = 105 gcm−3
assuming a solar composition (X = 0.73, Y = 0.25, Z = 0.02) for the CNO cycle and 3α , and 0.2
of 12C for carbon fusion. For CNO and 3α , εnuc increases sharply with T at lower temperatures,
which leads to a thermonuclear runaway. At higher temperatures, the trend of εnuc as a function of
T flattens, and burning is stable.
where the burning rate increases quickly to the point where most fuel is locally
consumed within a second.
1.1.3 Ignition Conditions and the Stability of Burning
The specific energy generation rate εnuc for the three nuclear processes important for
burst ignition rises steeply at lower T and flattens at higher T (Fig. 1). For helium
burning through the 3α process, εnuc depends weakly on T above T & 3× 108 K,
and stable helium burning occurs instead of a thermonuclear runaway. Similarly,
hydrogen burning through the CNO cycle becomes stable at T & 0.7×108 K. These
temperature thresholds are set by the depth of the Coulomb barrier which nuclei
must overcome through quantum tunnelling. Because the H burning processes in-
volve the conversion of protons into neutrons, they include weak decays, which de-
lay the process overall. The timescale for burning is set by the β -decay of 14O and
15O, with half lives of 70.620s and 122.24s, respectively. At high temperatures H
burning is known as the the “hot CNO cycle” or the “β -limited CNO cycle”, where
burning cannot run away and is, therefore, stable [15].
Nuclear burning is only efficient if it is stronger than radiative cooling, which is
described by the specific cooling rate εcool =− acT 43κy , with radiation constant a, speed
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Fig. 2 Burning conditions as a function of column depth, y, and temperature, T , calculated with
the one-zone model presented in [16]. Lines indicate the locations of stable burning and burst
ignition (unstable burning) for three salient compositions: first, mixed hydrogen and helium at
solar composition; second, a helium mass fraction of 0.98 (for the case where all the hydrogen
has burned prior to ignition); and third, typical “superburst” fuel containing 20% carbon. Due to
continual accretion, matter is compressed to higher y and T increases; lines of arrows (predicted
by multi-zone models) exemplify two tracks that result in a mixed H/He burst (top) and a pure He
burst (bottom). Labels indicate the burning regimes, with the roman numerals matching those in
Table 1. The new stable H/He burning regime at sub-Eddington accretion rates (IV) is indicated by
the thick red line.
of light c, and opacity κ (e.g., [17, 6]). Stable burning in a steady-state takes place
at a depth where εnuc = εcool. For thermonuclear runaways the ignition condition
is dεnucdT >
dεcool
dT , which means that cooling cannot moderate small perturbations in
the nuclear burning rate. Both εnuc and εcool depend on T and y, such that we can
use these two conditions to map out the ignition conditions for stable and unstable
burning (Fig. 2; e.g., [17, 18, 6, 19, 16]). For H and He, burning is unstable at
lower T , and is stable at higher values. Carbon burning is unstable over the entire
considered range of parameters2.
1.1.4 Burning Regimes as a function of Accretion Rate
Which ignition conditions are reached on a neutron star, depends for a large part on
M˙. The amount of heating due to compression is proportional to M˙. Therefore, T is
2 Multi-zone models find carbon burning to be stable in hot envelopes, depending on M˙ [20].
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higher for larger M˙. Furthermore, steady-state burning requires that fuel is burned at
the same rate as at which it is accreted. For stable burning, the temperature profile
of the neutron star envelope adjusts to facilitate this equilibrium.
Table 1 Theoretical Nuclear Burning Regimes a
m˙/m˙Edd Burning Regime
(I) Deep H flash (burns He)
∼ 0.1% b
(II) Shallow H flashes and deep He flash
0.4%
(III) He flash (stable H burning)
8%
(IV) Stable H/He burning
11%
(V) Mixed H/He flash
∼ 100% c (VI) Marginally stable burning of H/He
(VII) Stable H/He burning
a For solar accretion composition and base flux Qb = 0.1MeVu−1 (see §1.1.5; [16]).
b [21], including sedimentation.
c [22]. See also [23, 24, 25].
The simple ignition conditions presented in Fig. 2 are determined by considering
hydrogen, helium, and carbon burning separately. Most bursters accrete a mixture of
hydrogen and helium, and the (typically steady) burning of hydrogen influences the
ignition of helium, via the heat that is contributed to the fuel layer. Steady H burn-
ing also affects the composition of the burst fuel at ignition, and hence the overall
specific energy released by the burst, Qnuc. Where H is present in the burst fuel, the
burning can proceed to heavier species via (α, p) reactions and proton captures (the
rapid-proton, or rp-process; e.g. [26]). Qnuc can be inferred from measurements of
the so-called α parameter, the ratio of the burst fluence to the peak flux (e.g. [27]).
The variation of ignition and burning conditions for H and He leads to the pre-
diction of a range of burning regimes as a function of M˙ (Table 1; [17, 6, 16]), some
of which have been observed (§1.2):
I At T . 7×108 K, hydrogen burns unstably. The hydrogen-ignited flash
quickly raises T . If the ignition depth, yign, is sufficiently large the ig-
nition curve for unstable helium burning is crossed, and helium burns
along with hydrogen in the burst.
II If yign is too shallow for runaway helium burning, the hydrogen flash
does not ignite helium. Instead, helium continues to pile up until it
reaches its ignition conditions at much larger y. This regime, therefore,
exhibits brief hydrogen flashes and long helium bursts. (No observa-
tions matching case I or case II bursting have been identified).
III At T & 7×108 K, βCNO cycle burning of hydrogen is stable. It heats
the envelope and converts hydrogen into helium. At M˙ . 0.08M˙Edd,
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the buildup of the fuel layer is sufficiently slow for all hydrogen to burn
stably to helium. As most of the heating in the envelope comes from
the hydrogen burning, T hardly increases with depth once hydrogen is
exhausted (see the lower series of arrows in Fig. 2). Once the helium
ignition curve is reached, a pure helium burst ignites.
IV In a narrow range around 0.1M˙Edd, heating by hydrogen burning creates
the conditions for helium to burn stably before reaching the helium
ignition curve [16]. This regime of stable hydrogen and helium burning
produces pure carbon ashes, which may in turn ignite upon reaching
the carbon ignition curve and power superbursts (see §7.2).
V At higher M˙, there is insufficient time for βCNO burning to deplete
hydrogen. Upon reaching helium ignition, hydrogen is still present in
the fuel layer, and it burns along with helium in the burst. In this case
burst ignition is more complicated because of the interplay between
hydrogen and helium burning. As 3α burning of helium creates 12C,
the increase in the CNO abundance promotes βCNO cycle burning of
hydrogen. In turn, hydrogen burning produces helium, which powers
more 3α burning. This mode can be considered a combined runaway of
hydrogen and helium burning. Furthermore, once T & 5×108 K, break-
out reactions from the βCNO cycle such as 15O(α,γ)19Ne boost εnuc,
and have an important effect on the ignition conditions ([28, 29, 25]).
See [30] for a detailed description of the onset of a mixed hydro-
gen/helium burst.
VI Near M˙Edd helium burning is marginally stable due to competition be-
tween the burning and cooling processes. It results in an oscillatory
burning mode (see §6).
VII For M˙ & M˙Edd the envelope is sufficiently hot and fuel is accumulated
fast enough for steady-state (stable) helium burning. Hydrogen also
burns stably.
If the accreted fuel does not contain hydrogen, helium flashes are expected to oc-
cur at all mass accretion rates below the transition to stable helium burning (regime
VII). Carbon burning is further discussed in §7.2.
1.1.5 Base Heating, Rotational Mixing, and Gravitational Separation
The above theoretical picture successfully describes many of the observed burning
regimes as a function of mass accretion rate. The range of M˙ where each regime
occurs observationally are, however, different from the predicted values. For exam-
ple, the transition from bursts to stable burning (around regime V) is observed at
∼ 30% M˙Edd [31, 32, 27]. Furthermore, close to this transition the observed bursts
have relatively long or irregular recurrence times with indications of stable burn-
ing in-between bursts (high α-values, indicative of low Qnuc). This bursting regime
does not match any of those in Table 1 (see also §1.2). To improve the theoretical
predictions, several processes have been investigated in recent years.
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First, a “base heating” term is included for most models, which only describe
the outer layers of the neutron star. This additional flux, usually specified by
the parameter Qb (in units of MeV per accreted nucleon), models the heat flow-
ing from the underlying neutron star crust into the envelope. The corresponding
base luminosity, Lb = M˙Qb, is thought to include contributions from pycnonuclear
and electron-capture reactions in the crust. Most simulations use a low value of
Qb = 0.1−0.15 MeV u−1, stemming from an early prediction [33]. However, more
recent work indicates that the generated heat may be larger, up to Qb = 2 MeV u−1
[34, 35]. Additionally, a yet-unknown shallow heat source may increase Qb [36, 37].
The degree of heating from below the fuel layer Qb may be reduced by the
competing effect of neutrino cooling. Neutrino emissions from the core and crust
strongly depend on temperature (e.g., [38]), and are therefore higher at larger M˙:
Qb ' 1.0 MeV u−1 at 0.01 M˙Edd and Qb ' 0.1 MeV u−1 at ≥ 0.1 M˙Edd [38]. Re-
cently, a new Urca neutrino cooling process in the outer crust has been predicted,
which further complicates estimates of Qb [39]. This parameter can affect the accre-
tion rate range in which the burst regimes of §1.1.4 occur; for example, larger value
of Qb places the transition between bursts and stable burning at a lower M˙ [23, 24].
Second, rotational mixing may be induced through the accretion of matter onto
the neutron star, which includes the transfer of angular momentum. This mixing is
turbulent, and may involve a rotationally-induced magnetic field [40, 23]. Mixing
transports the accreted fuel more quickly down to the ignition depth, where it can
burn in a stable manner. Therefore, rotational mixing also reduces the M˙ where the
stability of nuclear burning is predicted to change.
Third, under the influence of the strong surface gravity, heavier isotopes sink
faster than lighter ones, leading to gravitational separation. At low mass accretion
rates (M˙ . 0.01 M˙Edd) the burst recurrence times are sufficiently long for sedimen-
tation of the fuel layer to occur. When He and CNO separate from H, this influences
the ignition conditions of H-ignited bursts (regimes I and II in Table 1) [21]. Deeper
in the envelope, chemical separation may occur of carbon and heavier isotopes,
which influences the ignition conditions of superbursts [41, 42].
Additional factors that may be important include the ignition latitude (§2.3),
multi-zone and multi-dimensional effects (§8), and the accuracy of nuclear physics
data (§9). These additional effects lead to much larger parameter-space for different
ignition regimes than the M˙ dependence alone. Only a small part of this parameter
space has been explored with numerical models at this time.
1.2 Status of burst observations
Alongside the developments in theory have been commensurate improvements in
our understanding of the phenomenology of bursts, enabled in part by the assembly
of large samples from long-duration X-ray missions.
A clear distinction has been established between sources that accrete mixed
H/He, and those which accrete pure (or almost pure) He, as from an “ultracom-
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Fig. 3 Burst light curves observed by the Rossi X-ray Timing Explorer (RXTE) Proportional
Counter Array (PCA) illustrating several different cases of ignition, labelled with the source name
and the recurrence time ∆ t, where known. The top panel shows likely pure He bursts ignited on
the neutron star in the ultracompact system 3A 1820−30. The second panel shows He-rich bursts
ignited after the accreted H has been exhausted at the base prior to ignition (case III in Table 1), in
the accretion-powered millisecond pulsar SAX J1808.4−3658. The third panel shows mixed H/He
bursts from the “Clocked burster”, GS 1826−24 (case V). The bottom panel shows an example of
a superburst observed from 4U 1636−536. Adapted from [43].
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pact” companion (e.g. [27]). Sources accreting mixed H/He characteristically show
regular, consistent bursts with long (≈ 5 s) rise times and decays of a few minutes,
understood to be powered by rp-process burning (e.g. [26]; Fig. 3). However, for
most sources such bursts are only seen episodically, within the low/hard spectral
state (see below; a notable exception is the so-called “Clocked Burster”, GS 1826-
24 [44]). At high accretion rates, mixed H/He accretors tend to show bursts with
much shorter rise and decay times, often with burst oscillations (see §5) and photo-
spheric radius expansion (PRE; [45, 46]). This latter phenomenon is detectable by a
temporary rise in the apparent (blackbody) radius (Fig. 4; see also §3.1) around the
peak of the burst, accompanied by a decrease in temperature sufficient to maintain
a roughly constant luminosity. This behaviour is understood to arise when the burst
luminosity reaches the (local) Eddington limit at the surface, resulting in a tempo-
rary expansion of the photosphere. When the energy input from the burning can no
longer support the expanded photosphere, it falls back onto the star, resulting in a
secondary increase in temperature (the “touchdown point”) and followed by cooling
at roughly constant radius.
Mixed H/He accretors are also the only sources that exhibit short recurrence time
bursts (e.g. [47]), weak events occurring just a few minutes after a brighter event.
These events are significant because the interval since the previous burst is insuffi-
cient to reach the critical conditions for burst ignition (see §2.2).
Burst sources where the accreted fuel is H-deficient, consistently show bursts
characteristic of largely He-fuel, with short (. 1 s) rise times and durations of 10–
20 s (Fig. 3; see also §7). One of the best-studied examples is 3A 1820−30, which
consists of a neutron star in an 11-min orbit with an evolved companion (e.g. [38]).
PRE bursts are more common, except at high accretion rates.
A secondary distinction has emerged between bursts that occur in the low (hard)
persistent spectral state, and those in the high (soft) spectral state. These states are
defined both by their spectral shape, and their periodic (and aperiodic) timing fea-
tures (e.g. [48]). The persistent spectral states are thought to indicate different char-
acteristic accretion rate regimes; the low (hard) state, a truncated disk with the in-
nermost accretion occurring through an optically thin, spherical flow; and the high
(soft) state, with a disk extending to the NS surface and terminating in a bound-
ary layer providing most of the persistent X-ray emission (e.g. [49]). Remarkably,
these different accretion states also seem to give rise to markedly different burst
behaviour.
Low (hard) state bursts
Thermonuclear bursts which occur when the persistent spectrum is hard (in colour-
colour diagrams this state is referred to as the “island” state in atoll systems; e.g.
[48]) tend to exhibit long rp-process tails, in systems that accrete mixed H/He.
Radius-expansion bursts are relatively rare (e.g. [52]), as are detections of burst
oscillations (in systems where they have been seen). The burst rises tend to have a
convex shape, suggesting ignition near the equator (see §2.3). The spectral evolu-
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Figure 1. Time-resolved spectroscopy of two PRE-X-ray bursts from 4U 1608–52 illustrating the differences between hard- and soft state X-ray bursts. In
panels (a) and (c), the black line shows the bolometric flux Fbb in units of 10−7 erg cm−2 s−1 (left-hand y-axis). The blue ribbon shows the 1σ limits of the
blackbody normalization K = (Rbb[km]/d10)2 (inner right-hand y-axis). The red diamonds show the 1σ errors for blackbody temperature Tbb in keV (outer
right-hand y-axis). The first black vertical dashed line marks the time of touchdown ttd and the second vertical dashed line to the right shows the time ttd/2 when
Fbb has decreased to one half of the touchdown flux. The corresponding Fbb and K-values at these times Ftd, Ftd/2, Ktd and Ktd/2 are marked with dotted lines.
The panels b) and d) show the relationship between the inverse square root of the blackbody radius (proportional to the colour-correction factor fc) and the
blackbody flux Fbb that is scaled using the mean touchdown flux ⟨Ftd⟩. The blue line is a model prediction for a pure hydrogen NS atmosphere with a surface
gravity of log g = 14.3, taken from Suleimanov et al. (2012). The atmosphere model is the same for both b) and d) panels and it is shown here to illustrate
how well (or poorly) it follows the observed data. Other NS atmosphere models computed for different chemical compositions and log g values can describe
the hard state burst as well (see Suleimanov et al. 2012, figs 8 and 9). Note that for this particular source Ftd is strongly variable between bursts making the
determination of FEdd non-unique. Note also that because of telemetry issues, there are gaps in the high time resolution data around Ftd that sometimes make
touchdown time ttd difficult to determine.
references therein). Accurate mass and radius measurements pro-
vide a way to probe the properties of ultradense matter found in the
cores of NSs through a careful comparison with NS model predic-
tions. Thus, these measurements can be used to determine whether
exotic particles, such as hyperons, pion- or kaon condensates, or
even de-confined quark matter form when nucleons are compressed
beyond their equilibrium nuclear densities (Haensel, Potekhin &
Yakovlev 2007; Lattimer & Prakash 2007).
Most of the NS mass and radius measurements rely on the ob-
servation that the X-ray emission comes from the NS surface and
that the spectrum can be adequately fitted with a simple thermal
blackbody model (e.g. Galloway et al. 2008; Gu¨ver, Psaltis & ¨Ozel
2012). This way the observed colour temperature and flux can be as-
sociated with a spherical blackbody radius Rbb (Lewin et al. 1993).
Assuming the entire NS surface is burning during the X-ray burst
– and that the entire NS is visible (rather than being obscured by
the accretion disc) – then the blackbody radius is related to the NS
radius R through (see Lewin et al. 1993)
Rbb = R(1+ z)f −2c , (1)
where z is the gravitational redshift and fc is the colour-correction
factor, defined as the ratio of colour temperature Tc and the effective
temperature Teff of the photosphere (fc ≡ Tc/Teff; London, Taam &
Howard 1986; Madej, Joss & Ro´z˙an´ska 2004; Majczyna et al. 2005;
Suleimanov, Poutanen & Werner 2011a; Suleimanov, Poutanen &
Werner 2012).
The most commonly used technique to measure NS masses and
radii is the so called ‘touchdown method’ (e.g. Damen et al. 1990).
MNRAS 445, 4218–4234 (2014)
 at M
onash University on November 24, 2014
http://mnras.oxfordjournals.org/
Downloaded from 
Fig. 4 Time-resolved sp ctroscopy of two X-ray bursts observed with RXTE/PCA fr m the tran-
sient 4U 1608–52 illustrating the differences between hard state (top panels) and soft state (bottom
panels) bursts. The left-ha d pan ls (a and c) show th time-resolved spectroscopic parameters,
with bolometric flux Fbb (black line, left-hand y-axis); blackbody normalisation Kbb (blue ribbon,
inner right-hand y-axis); and blackbody temperature Tbb (red diamonds, outer right-hand y-axis).
Note the qualitativ difference in the variation f Kbb during th two bursts (both events would be
characterised as PRE). The right-hand panels (b and d) show the relationship between the inverse
square root of the blackbody radius (proportional to the colour-correction factor fc; see §3.1) and
the blackbody flux Fbb (scaled using the mean touchdown flux Ftd for the source). The blue line
(identical in both panels) is a model prediction for a pure hydrogen NS atmosphere with a surface
gravity of logg = 14.3, taken from [50]. The agreement between the atmosphere model and the
data is much better for the hard state burst. Adapted from [51].
tion during these bursts shows a characteristic inflection which roughly matches the
expectation of atmosphere models ( .g. [53]; see also Fig. 4). For this reason, these
bursts have been adopted by some authors as the only reliable events fro which
the neu ron star mass and radius c be inferred (e.g. [51]; see also §3.1).
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High (soft) state bursts
When the persistent spectrum is soft (the “banana” state in colour-colour diagrams)
the characteristics of bursts are remarkably different. Bursts are irregular, with
longer recurrence times (on average), and exhibiting rapid (. 1 s) rises and short
(≈ 10–20 s) durations characteristic of primarily He fuel, even in those systems
which accrete mixed H/He. Radius-expansion is more frequently seen, as are burst
oscillations. The burst rises tend to have a concave shape, suggesting the ignition
location has moved away from the equator. The blackbody normalisation is typi-
cally flat in the burst tail, which has motivated some observers to use the average
as indicative of the projected radius [54]; but as this behaviour is at odds with the
expected behaviour (arising from the flux-dependent distortion of the underlying
blackbody component) this approach has raised some objections.
We highlight this dichotomy here because the physical mechanism is not presently
understood, but clearly has a wide impact on a range of investigations involving
bursts. It is often assumed that the burst behaviour is independent of the details of
the mechanism by which the accreted fuel arrives onto the neutron star (see §1.1.1);
the observations seem to suggest this cannot be true. That is, the observations sug-
gest that the disk geometry (inferred from the persistent spectral state) influences the
burst physics, in addition to the accretion rate. Alternatively, it is possible that the
different accretion regimes give rise to different (local) conditions, perhaps allowing
some ongoing level of steady He-burning. Such effects would certainly explain the
weak bursts typically observed in the high (soft) state, as well as the decrease in
burst rate at increasing accretion rates observed for many systems [32]. As we will
see, one of the growing areas of research over the past decade has been the interac-
tion between the bursts and the accretion disk and environment of the neutron star
(§4).
The Rossi X-ray Timing Explorer
Although many X-ray instruments have contributed to our present understanding
of thermonuclear bursts, a key instrument that has enabled much of the new re-
sults in burst phenomenology over the last decade is the Proportional Counter Array
(PCA; [55]) on-board the Rossi X-ray Timing Explorer (RXTE). This instrument,
with an effective area of ≈ 6500 cm2 and fast timing down to 1µs has allowed
detailed studies of many prolific burst sources, with high signal-to-noise data per-
mitting precise measurements of spectral and timing properties. The assembly of
the accumulated ≈ 1100 bursts over more than a decade of observations from more
than 50 sources, led to a much greater capacity for broad-scale investigation into the
burst phenomenology [27]. Much of these investigations have focussed on the burst
oscillation phenomenon, as described in §5. The RXTE burst sample, as with ear-
lier compilations (e.g. [32]) from other instruments, revealed a much more complex
picture for unstable burning than predicted by theory.
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An example is the study of photospheric radius-expansion bursts, which are
thought to reach the local Eddington luminosity, and have been used as “standard
candles” to determine the distance to bursting sources [56]. Observations of bursts
from globular cluster systems, which have an independently determined distance,
allowed empirical measurement of the peak PRE burst luminosity, which is some-
what in excess of theoretical predictions for pure He fuel [57]. Such studies also
showed that in some systems there are substantial variations in the peak flux of PRE
bursts from the same source. In 4U 1636−536, a small subset of PRE bursts reach
a peak flux a factor of 1.7 lower than the majority of events, explained as a varia-
tion in the electron scattering dominated opacity between pure He and mixed H/He
at solar composition. This result, obtained for a sample of PRE bursts much larger
than in any other source, further suggests that typical PRE bursts reach the Edding-
ton flux for material devoid of hydrogen, even in systems accreting a mix of H and
He [58]. In other systems, the typically 5–10% variation in the peak fluxes may be
attributed to interactions with the accretion disk [59]. Eddington-limited bursts re-
main the primary source of information on the distances to burst sources, but more
work is required to reduce the effect of systematic contributions to the peak flux
distribution.
Independently of the studies that accompanied the catalogue data itself, the pro-
vision of an index (i.e. burst times and observation IDs) into an otherwise undiffer-
entiated collection of burst observations enabled other researchers to perform their
own analyses on the burst sample, further increasing its impact. The RXTE sam-
ple has been extended with further observations through to the end of the mission in
2012 January, and now totals more than 2000 bursts. These data will be incorporated
into a new, and more comprehensive sample of bursts, the Multi-INstrument Burst
ARchive (MINBAR3). Together with burst observations of the BeppoSAX/WFCs
[32], and INTEGRAL/JEM-X, MINBAR contains over 7000 bursts.
2 X-ray Burst Ignition
In §1.1.2 we explained burst ignition as due to runaway thermonuclear burning. Here
we discuss the other fundamental processes that facilitate the ignition of different
types of bursts, including the so-called short recurrence time bursts, as well as the
role of the latitude of the ignition location.
2.1 Thin-Shell Instability and Electron Degeneracy
The typical response of a star to heating is expansion, which reduces the pressure
and thereby the temperature. For runaway nuclear burning to occur, this cooling
3 http://burst.sci.monash.edu/minbar
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mechanism must be circumvented, via a combination of the thin-shell instability
and electron degeneracy. Some past reviews highlight the latter [4], whereas others
present the former [7]. Here we review the two mechanisms.
X-ray bursts are an example of nuclear burning that happens in a thin shell
[60, 61]. If the radial extent of the burning layer is small with respect to the stellar
radius, expansion of the thin shell does not result in a sufficient change in pressure
to reduce the temperature. This allows for the temperature to continue to increase,
and is known as the thin-shell instability. For X-ray bursts and superbursts the igni-
tion layer has a depth of a few meters up to ∼ 100 m, which is very thin compared
to the ≈ 10km neutron star radius. Therefore, the thin-shell instability allows for a
growing temperature increase due to burning, which leads to the ignition of bursts.
Electron degeneracy, identified as the primary mechanism for the ignition of no-
vae on white dwarfs [62], also plays a role in bursts on neutron stars. In degenerate
material, the pressure is independent of the temperature, such that a reduction in
pressure does not counter a temperature increase. On neutron stars, however, the
electrons are only mildly degenerate near y ' 108 gcm−2: the ratio of the electron
Fermi energy and thermal energy prior to a burst is η ' 3. A small amount of heating
at the burst onset lifts the degeneracy, but the runaway continues.
A simple numerical experiment elucidates the relative importance of the two
mechanisms. Employ a one-zone model to simulate the burning behaviour with and
without a pressure term for degenerate electrons4. When ignoring the pressure term
from electron degeneracy, bursts are still produced. Of course, electrons do con-
tribute to the pressure, and ignoring that term leads to a slightly larger ignition depth.
Therefore, the primary mechanism for the thermal instability of bursts is the thin-
shell instability, while the electron degeneracy is important for obtaining accurate
ignition conditions.
Intermediate duration bursts and superbursts ignite deeper in the envelope (Ta-
ble 2), where the electron degeneracy is larger, up to η ' 102. Nevertheless, their
fuel layer is a thin shell, which implies that long duration bursts would also occur
without the degeneracy effect.
2.2 Reignition after a Short Recurrence Time
In the classical picture, a burst burns nearly all hydrogen and helium in the neutron
star envelope, and a completely new fuel layer must be accreted before the next
burst can ignite. Observations of bursts that recur within ∼ 5−20 minutes suggest,
however, a fraction of the fuel survives, as there is insufficient time to accrete a
fresh layer [64, 65, 66]. Only recently have multi-zone simulations been able to
show that a substantial fraction of the fuel may be left unburned after a burst [67].
Particularly if ignition occurs at a relatively shallow depth (resulting in a weaker
burst), over ≈ 50% of the fuel remains unburned. Only the fuel near yign burns,
4 For example, the one-zone helium ignition model available at https://github.com/
andrewcumming/onezone.
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Fig. 5 Day-long light curve of EXO 0748−676 observed with XMM-Newton exhibits double and
triple events, where the bursts are separated by short recurrence times of∼ 10 minutes. The second
and third bursts are typically weaker than the first burst in an event, and the burst shape indicates
that less hydrogen is present in their fuel. Eclipses by the companion star periodically obscure the
source. Reproduced with permission from [63] c© ESO.
whereas the material at smaller depths is left-over. The recurrence times of the bursts
are reduced, since accretion needs only to replace the burned fraction of the fuel
column.
It is possible for the left-over fuel to ignite and produce a new burst mere minutes
after the previous burst (Fig. 5). If the fraction of unburned fuel is large, this material
resides relatively close to yign. Turbulent mixing can transport the unburned material
down to this depth, where it ignites a new burst. This secondary burst is typically
weak, with a lower peak flux and shorter duration than the previous burst, because it
is powered by a diluted mixture of fuel and ashes. Different origins for the turbulent
mixing have been proposed, such as rotationally induced shear mixing [66] and post-
burst convection due to an inversion of the mean molecular weight [68]5. Recently,
multi-zone simulations that include a full nuclear network show that the turbulence
is convection that is driven by an anti-correlation between the temperature and the
opacity in the ashes layer. As the ashes cool after a burst, the opacity increases until
convection switches on. Convective mixing brings fresh fuel into the ashes layer,
and the recurrence time of the resulting burst is the cooling time of the order of
minutes. Because of the stochastic nature of convection, sufficient fuel for a follow-
up burst is mixed down only ≈ 30% of the time. Furthermore, after one follow-up
burst, the mixing continues and has the potential to produce another follow-up burst.
This model reproduces many of the observed features of such bursts (Fig. 5): the
follow-up bursts have a lower peak luminosity and shorter duration than the first
burst, their recurrence time ranges from a few minutes to a few tens of minutes, and
several follow-up bursts can occur in so-called double, triple, and quadruple events
[64, 65, 63, 47].
5 Irregular bursting behaviour in early multi-zone models may have been an artefact of their re-
duced nuclear reaction networks [68, 69], as this behaviour is absent in later work with large
networks [70].
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2.3 Ignition Latitude
Up to now, we have only considered the radial dimension when locating the ignition
point. The latitude is also of importance: most bursting neutron stars spin rapidly
(§5), and consequently the effective surface gravity is reduced near the equator com-
pared to the polar regions (by a few percent for a typical burster [71]). The surface
of a spinning star follows an isobar (surface of constant pressure), and using the re-
lation y=−P/g from §1.1.1, we see that a smaller geff at the equator yields a larger
y than at the poles. Furthermore, this implies that the local mass accretion rate is
higher at the equator. Because yign depends only weakly on geff (e.g., Equation 32
in [6]), burst ignition preferentially occurs at the equator.
The spreading of the flame on the surface of the star was modelled by [71].
The difference in speed between the spreading in the latitudinal and longitudinal
directions (with the latter significantly faster at low latitudes) is thought to give rise
to distinct, observable differences in the shape of the burst rises, which is referred
to as the “convexity” of the rise [72]. However, a study of a large sample of bursts
observed by RXTE suggests that bursts occurring when the source is in the low
(hard) spectral state typically ignite on the equator, while bursts observed in the
high (soft) spectral state ignite at higher latitudes [72, 73]. The obvious question is,
why do the latter bursts not also ignite on the equator?
An attractive explanation is that in the high (soft) state, both H and He fuel burns
steadily on the equator, while unsteady burning (likely triggered by He) continues
in regions at higher and lower latitudes. This explanation would also account for the
infrequent, weak bursts that are typically observed in the high (soft) state (cf. with
§1.2). At present this scenario remains highly speculative, and it is computationally
challenging to test with multi-dimensional models (§8.3). Certainly, the balance in
pressure resulting from the decrease in effective gravity at the equator gives a larger
effective accretion rate per unit area there, but not sufficient to stabilise the burn-
ing [71]. Resolving this puzzle will likely require a substantial improvement in our
understanding of the global burst properties and perhaps also the influence of the
accretion flow.
3 The Burst Spectral Energy Distribution
Most of the energy from nuclear burning is generated at least several meters be-
low the neutron star surface, and processed before exiting the star from a cm-thick
photosphere. The burst radiation is, therefore, thermalized and leaves the burning
layer as a blackbody spectrum. Scattering off electrons and ions in the photosphere,
however, modifies the continuum spectrum and may introduce absorption lines and
edges. Those departures from a pure blackbody spectrum offer opportunities to mea-
sure the neutron star mass and radius. In §4 we further discuss how some fraction of
the burst spectrum may be reprocessed by the accretion environment.
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3.1 The Continuum Spectrum
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Fig. 6 Photon counts spectrum as a function of energy, E, for models of thermal burst emission
(adapted from Keek et al. 2018 in prep). The top of the grey area marks the Planck spectrum in
the neutron star envelope during a burst. Scattering in the atmosphere modifies the spectrum (solid
line). Historically the observed spectrum is fit with a Planck model. Two such fits are shown for
NICER and RXTE/PCA in the energy bands indicated at the top. The ratio of the observationally
inferred temperature and that of the envelope spectrum is the colour correction factor.
The majority of observed burst spectra are well described by a Planck (black-
body) distribution [74]. The rise of the burst flux, set by a combination of the time
scales of nuclear burning and flame spreading, can be as fast as a millisecond, or
as long as several seconds. The measured blackbody temperature increases to a
maximum value of 2–3keV. In the burst tail, the decrease of the temperature is
determined by the time scales of cooling and of waiting points in the rp-process
(§9), and follows that of the burst luminosity, typically lasting ∼ 10–100 s. This
cooling of the neutron star atmosphere in the burst tail is often cited as prime evi-
dence of a thermonuclear flash (Type I burst) as opposed to an accretion flare (Type
II burst; [4, 75]). A small subset of thermonuclear events exhibit only weak evi-
dence of cooling. In an analysis of the remarkable burst source and 11 Hz pulsar
IGR J17480−2446, it has been shown that cooling may not be detectable when the
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ratio of peak burst flux to persistent (accretion) flux is low, and the bursts corre-
spondingly have a low peak temperature [76].
Because of the evolution of the spectral parameters, time resolved spectroscopy
has to be performed, with each spectrum being collected in a short time interval. The
short duration over which each spectrum is accumulated in typical bursts strongly
limits the photon counts and the detail present in a single spectrum. Only when
considering exceptionally long bursts [77] or large numbers of bursts [78] can devi-
ations from a blackbody shape be detected. Some deviations are due to changes in
the persistent spectrum induced by the burst (§4), in addition to the modifications of
the intrinsic spectrum discussed here.
Compton and free-free scattering of thermal emission in the neutron star atmo-
sphere modifies the burst spectrum (Fig. 6). Specifically, up-scattering boosts the en-
ergy of a fraction of the soft photons, such that the “colour temperature” measured
by fitting a blackbody is larger than the effective temperature of the photosphere
[79]. This effect is normally accounted for using a “colour-correction” factor, fc,
giving the expected ratio of the (measured) colour temperature to the effective tem-
perature. At fluxes close to Eddington, fc is expected to be ≈ 2, dropping to ≈ 1.4
in the burst tail (e.g. [53]).
Radiative transfer simulations are employed to calculate all scattering processes
in the atmosphere taking into account the composition, although initial models
were not fully converged [80, 81]. Current state-of-the-art spectral models are one-
dimensional, assume hydrostatic and radiative equilibrium, and have been calcu-
lated for a range of compositions and surface gravities [53, 50, 82]. The models
have several limitations. They assume uniform emission across the entire stellar
surface, whereas the detection of burst oscillations argues that this is not always the
case (§5). Furthermore, the neutron star’s rotation will cause Doppler broadening
of the spectrum [83]. The impact of these effects is, however, likely small. More
importantly, the assumed equilibria imply that the models are not representative of
the PRE phase, which will require simulations that include both radiation transfer
and hydrodynamics (cf. with [79]). In a new approach, time-dependent stochastic
(Monte Carlo) models are being developed, which in time may overcome these lim-
itations [84].
When observed in a restricted instrumental energy band, a neutron star atmo-
sphere spectrum is still well-approximated by a Planck function (Fig. 6). The in-
ferred temperature of the blackbody Tbb is expected to differ from the atmosphere’s
effective temperature Teff by the colour-correction factor, fc ≡ Tbb/Teff, which is
expected to vary as a function of the burst luminosity. fc has been calculated for
assumed model atmospheres for application to RXTE/PCA observations [53], and
can similarly be obtained for other instruments using the model-predicted spectra.
Aside from the temperature, the blackbody flux depends on the size of the emit-
ting area: the neutron star surface. It is typically assumed that the whole surface
radiates uniformly.6 At the onset of the brightest bursts, the flux may exceed the
6 Emission from only part of the surface has been inferred for the 1999 superburst from
4U 1820−30 [85]. This study ignored, however, disk reflection [86], which complicates the in-
terpretation of superburst spectra [87, 88, 89].
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Eddington limit, causing photospheric radius expansion and possibly also driving a
wind from the neutron star surface [90, 91, 92, 93]. During PRE the photospheric
radius increases typically by up to a factor ∼ 10, but even larger expansions have
been observed (“superexpansion”; §7.1). Once the flux is reduced below the Ed-
dington limit, the photosphere settles back at its original radius (the “touchdown”
point). After touchdown, one expects the photospheric radius to remain constant, but
substantial evolution in the blackbody normalisation, Kbb, can be observed [54, 94].
We discussed how deviations from a pure blackbody spectrum introduce a colour
correction factor for Tbb. To preserve the total blackbody flux F ∝ KbbT 4bb, this pro-
duces an equivalent correction to Kbb: the proportionality between the measured
blackbody normalisation and the colour correction is K−1/4bb ∝ fc (see Fig. 4).
The properties of the continuum burst spectrum have been employed to measure
the neutron star mass and radius (e.g. [95, 96, 97, 98]). Two approaches have been
used: the “touchdown” and the “cooling-tail” methods. The former method uses
the flux at touchdown as a measure of the Eddington limit, which depends on the
neutron star mass, in combination with measurements of the blackbody radius and
(usually) the source distance [99, 100]. The radius is measured through the black-
body normalisation, Kbb ∝ 4piR2, assuming that fc is constant. It is possible that the
photosphere has not completely settled onto the neutron star at touchdown [101].
Additionally, an accurate measure of fc and the Eddington limit requires knowledge
of the composition of the photosphere as well as the source distance, which are
generally known only approximately.
The cooling-tail method uses the flux-dependent colour corrections from model
atmosphere spectra [53, 102]. Because these models are only valid at fluxes below
the Eddington limit, only the tail of a burst is considered. By measuring K−1/4bb , one
observes how fc changes as the burst flux decreases. The atmosphere models predict
fc as a function of the Eddington ratio and the neutron star mass and radius. Fitting
these fc curves to the observed data allows for the neutron star parameters to be
measured. This method does not depend on prior knowledge of the source distance
or the atmosphere composition, as the required information is encoded in the fc
curves.
The radii obtained with the cooling-tail method are systematically larger than
with the touchdown method. Each method has a set of assumptions that may be
the source of this systematic uncertainty [101, 54, 103, 104, 105]. For example,
the inclusion of stellar rotation in the atmosphere models may reduce the derived
radius [104]. Furthermore, each method appears to work best for a different set of
burst observations. Bursts in the low (hard) flux state conform to the predictions of
the model atmospheres, whereas in the high (soft) flux state the bursts do not exhibit
the expected fc−F relation [51]. In the high flux state the accretion disk is expected
to extend to the neutron star surface, and a spreading layer may cover a substantial
part of the star [106], which reprocesses the burst spectrum. Conversely, studies
using the touchdown method have preferred bursts that show only small deviations
from a blackbody, rather than those that follow the expected fc−F relation [54].
The source 4U 1608−522 exhibits bursts in both flux states, and an analysis with
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both methods illustrates the differences in the obtained results [104]. Further details
on the measurement of mass and radius are presented in [107].
3.2 Discrete Spectral Features
Before the thermalized burst spectrum leaves the neutron star, the photons scatter
off electrons in the photosphere. If the photosphere is incompletely ionized, dis-
crete absorption features may appear in the spectrum. The photon’s energy may
take the electron from one bound state to another (bound-bound transition), which
produces an absorption line at that energy. Alternatively, the photon energy may ex-
ceed the ionization energy required to unbind the electron (bound-free transition).
This creates an absorption edge that starts at the ionization energy and continues
towards higher energies. In the photosphere of an accreting neutron star, hydrogen
and helium are fully ionized. Metals, however, may be only partially ionized and
can produce lines and edges, particularly in the extended photosphere driven by a
strong radius-expansion burst (see §4). A range of metals may produce these fea-
tures, depending on the composition of the photosphere [93]. Iron is typically one
of the most abundant heavy metals, and has relatively many transitions to create
discrete absorption features.
Detection of surface features has been a high observational priority for decades,
due to the prospects of constraining the neutron star compactness via the gravita-
tional redshift, measurable from comparing the observed and rest-frame energies
of such features. Although there have been several notable claims for detections of
features (see below), many have been unverified in subsequent observations and/or
been shown to be unlikely to arise from the NS surface. There are a number of mech-
anisms which may act to remove elements that might give rise to features, from the
upper layers of the photosphere.
Gravitational settling is thought to rapidly separate accreted metals from the pho-
tosphere on a timescale of 10−3 s [108, 21]. The metals that can produce lines and
edges may, therefore, usually be absent from the neutron star surface. Just a few
meters below the surface, a plethora of metals is created by nuclear burning during
bursts. These elements may be revealed at the neutron star surface — only during
the most powerful bursts — because of two processes. First, convection at the onset
of the burst transports the burning ashes towards the surface. Convection typically
does not reach the surface, but the more powerful the initial burning, the closer to the
surface the metal-rich ashes are convected. Secondly, if the burst has PRE, a wind
during the Eddington-limited phase may blow off the upper atmosphere, facilitating
the exposure of heavy metals [93]. The appearance of metals in the photosphere
can also give rise to a changing colour correction factor [109]. In bursts where the
fuel is helium rich, most of the burning happens at the burst onset, and the Edding-
ton limit is reached. Powerful helium bursts are, therefore, the prime candidates for
observing absorption features during the PRE phase. For example, a weak absorp-
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tion line was detected during the PRE phase of an intermediate duration burst from
GRS 1741.9−2853 [110].
The energy at which a line or edge is observed is reduced by the gravitational
redshift of the neutron star, that also provides a measure of the star’s compactness.
Discrete features are also expected to be affected by relativistic Doppler broadening,
since most bursting neutron stars rotate rapidly (e.g.[111]). These effects reduces
the detectability of such features against the continuum, increasing the difficulty of
constraining the equation of state.
The studies of EXO 0748−676 provide an illustrative example. The source was a
calibration target for XMM-Newton, and consequently a large number of bursts were
observed with the Reflection Grating Spectrometer. Stacking the spectra of a series
of bursts revealed a tentative detection of an iron absorption line [112, 113]. The
inferred gravitational redshift of the line was employed to constrain the mass and
radius of this neutron star [114], favoring a soft equation of state. These analyses as-
sumed a low neutron star spin frequency, supported by the detection of a weak burst
oscillation at 45Hz [115]. Later, a much stronger burst oscillation was deteted in two
bursts, at a significantly higher frequency: 552Hz [116]. If the later detection instead
corresponded to the neutron star spin in this system, the expected Doppler broad-
ening was, therefore, substantially larger than assumed, casting doubt on the line
origin. Furthermore, a larger sample of bursts observed with XMM-Newton [117]
and Chandra [47] do not exhibit the line feature. The status of the line detection
from EXO 0748−676 remains, therefore, uncertain. However, the potential for ab-
sorption features from the neutron star surface to constrain the neutron star equation
of state remains high.
Because a wider range of energies is absorbed to produce an edge, edges typically
have a larger equivalent width than lines [93], and consequently should be easier
to detect. The strongest absorption features associated with the surface of neutron
stars are nickel edges observed in the PRE phase of three superexpansion bursts
from 4U 0614+091 and 4U 1722−30 [118]. These detections were made with the
RXTE/PCA, which has modest spectral resolution (∆E/E ≈ 0.17 at 6 keV, where
∆E is the full-width at half maximum; [119]). Improved constraints on the neutron
star equation of state will result from future observations of edges in helium-rich
bursts performed with high-resolution spectrometers, but it has proven challenging
to schedule such observations of relatively infrequent helium flashes.
4 Interaction with the Accretion Environment
The dynamical influence of thermonuclear bursts on the accretion disk has generally
been studied in the context of radius-expansion bursts, which exceed the Eddington
limit at the neutron star surface, and may be expected to drive winds into and across
the disk. More broadly, three principal effects have been discussed in the context
of interactions between bursts and the accretion disk [e.g. 120]: structural changes
to the disk (and/or corona) resulting from burst-induced X-ray heating (or cooling);
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radiatively (or thermally) driven outflows; and inflow due to Poynting-Robertson
drag. In addition, the observed spectrum may be modified by interaction with, and
reflection from, the accretion disk.
The evidence for structural changes comes from some observations of long-
duration bursts (see also §7). In some of these events we observe strong flux vari-
ability late in the tail of the burst [121, 122] (Fig. 10). This variability has been
suggested to arise from Thompson scattering in the settling “fragments” of disk
material, following disruption by an extremely energetic radius-expansion burst.
Decreases in the intensity of high-energy (30–50 keV) photons beginning a few
seconds after the burst onset have also been observed in a few sources [123, 124].
These photons are thought to arise from Compton scattering in a hot corona, and it
is expected that the sudden rise in (relatively) cool photons will result in a transient
change in the coronal structure. While the principal effect predicted is additional
cooling of the corona, the estimated change in the cooling rates is in the other di-
rection, i.e. predicting reduced cooling [125]. Such explanations also seem at odds
with the evidence supporting the role of magnetic fields energizing coronae in other
accreting sources (e.g. [126]). Other possible mechanisms which might instead give
the observed behaviour are related to the attenuation of the inner disk in response
to the burst (see below), possibly mediated via the magnetic field threading the disk
[124].
Irradiation of the accretion disk may drive a wind from its surface. The prospects
of this phenomenon have been discussed in the context of spectral features observed
from an intermediate duration burst of IGR J17062−6143 [122]. Additionally, such
powerful bursts may eject a shell from the atmosphere of the neutron star in a super-
expansion phase, and enrich the surroundings in metal-rich burst ashes [93]. This
merchanism has been argued to be the source of discrete spectral features detected
in intermediate duration bursts ([127]; see also §3.2).
The effects of Poynting-Robertson drag arising from the increase in X-ray flux
during the burst have been predicted to lead to an increase in the accretion rate
(and hence the persistent flux component) during the burst [128] (see also [129]).
This effect is potentially at odds with the conventional approach for time-resolved
spectroscopic analysis, which involves subtracting off the pre-burst emission (usu-
ally incorporating both the persistent emission and instrumental background). This
approach implicitly assumes that the burst and persistent component are indepen-
dent, even late in the tail of the burst, which cannot be completely true (e.g. [130]).
Nevertheless, the net burst spectrum is then usually well-fit with a blackbody (e.g.
[74]).
The burst sample accumulated by RXTE over its mission offers the most strin-
gent test of this conventional analysis approach. A study of 332 PRE bursts observed
from 40 sources found significant evidence for an increase in the persistent contri-
bution to the flux early in the bursts [78]. This increase, up to a factor of 20, was
interpreted as the expected increase in the accretion rate in response to Poynting-
Robertson drag. It is somewhat surprising that this effect is seen in PRE bursts,
since the luminosity of those bursts should exceed the Eddington limit at the peak,
temporarily halting accretion. The effect has also been confirmed in an even larger
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sample of 1759 non-PRE bursts from 56 sources [131], although at with smaller
increase factors. Additionally, a bright burst from SAX J1808.4−3658 observed si-
multaneously with Chandra and RXTE finds even more compelling evidence for
increases in the accretion component during the burst [132], from the much broader
band-pass (≈ 0.5–30 keV) available for the two instruments combined (Fig. 7).
Unfortunately the available data is insufficient to test for possible changes in the
shape of the persistent spectrum accompanying the burst-induced increase in accre-
tion rate, which might be expected in parallel to the spectral shape variations that
are seen on longer timescales (see e.g. §1.2). Furthermore, while the modified anal-
ysis approach improves the combined distribution of fit statistics for the ensemble,
it does not yet achieve the expected distribution for a well-fitting model, suggesting
that the net burst spectrum still deviates significantly from a blackbody. As we have
discussed, these deviations include the recombination edge features observed in very
energetic bursts (e.g. [127]; see also §7 and §3.2). The residuals also appear incon-
sistent with the more modest deviations predicted by spectral models (see §3.1). The
question of the true shape of the burst spectrum over the full range of burst types
remains open, with the available data not sufficiently sensitive to clearly measure de-
viations from a blackbody. However, with the analysis of the RXTE sample, the key
contributions of variations in the persistent contribution, discrete features, as well
as the effect of reflection from the accretion disk (§4.1) are now well-established.
4.1 Reflection by the Accretion Disk
A substantial fraction of the X-rays emitted by the bursting neutron star fall on the
accretion disk [134, 135]. For a thin disk this fraction is about 25% of the total
burst emission, and most flux falls on the inner few tens of kilometers closest to the
star. The radiation undergoes diffusive scattering off the disk’s photosphere, which
is referred to as X-ray “reflection.” Depending on the inclination angle of the disk
with respect to the line of sight, a substantial part of the observed burst flux may
have arisen from photons reflected by the disk. The reflection fraction is defined as
the ratio of the reflected and the directly observed burst flux components. For a thin
disk, reflection fractions of up to approximately 0.5 are expected.
If the disk has a different shape, such as a steeply increasing height, the reflec-
tion fraction can potentially exceed unity: most of the burst signal is observed in
reflection [136]. A simple analogy is a candle in a teacup: when viewed under cer-
tain angles, the flame of the candle is not directly visible, but one still sees its light
scatter off the inner sides of the cup.
When the burst scatters off the disk, the X-rays are reprocessed, and their spec-
trum is modified [133]. Above 3 keV, the reflection spectrum is shaped like the
illuminating burst spectrum with the addition of a fluorescent iron emission line
near 6.4 keV and an iron absorption edge near 9 keV (Fig. 8). The shape of the
line depends on the ionization state of iron in the disk, quantified by the ionization
parameter ξ = 4piFn−1, with F the illuminating flux measured at the disk and n its
Thermonuclear X-ray bursts 25J. J. M. in ’t Zand et al.: A bright thermonuclear X-ray burst observed with Chandra and RXTE
1 102 5
0.
1
1
10
Fl
ux
 [p
ho
t c
m−
2  
s−
1  
ke
V−
1 ]
Energy [keV]
1 102 5 20
10
−
3
0.
01
0.
1
1
10
[P
ho
ton
s c
m−
2  
s−
1  
ke
V−
1 ]
Energy [keV]
Fig. 4. Deconvolved spectra for 2 to 5 s after burst onset. The top panel
shows the Chandra (black) and RXTE (red) spectrum. Data points are
indicated by crosses and the total model by the histogram. The upper
dotted curve represents the black body component and the lower two
curved lines comprise the model components for the pre-burst radia-
tion. The model is a bad fit (χ2ν = 3.505 for ν = 268), but can be
made consistent with the data by leaving free the normalization fa of
the non-burst model (χ2ν = 0.963 for ν = 267). In the bottom panel the
residual spectrum is plotted after subtraction of the fitted black body
model (crosses). The model for the non-burst spectrum is plotted as a
histogram. For clarity Chandra data is plotted up to 3 keV and RXTE
data beyond 3 keV (only PCU2 to extend the energy range from 20 to
30 keV for visualization purposes). (Color version of figure available in
online version.)
electrons in either the NS atmosphere or the accretion disk. The
former was first put forward by London et al. (1986), further
developed by Madej et al. (2004) and most recently calculated
by Suleimanov et al. (2011, 2012). Hot atmospheric electrons
harden the photons coming from below and increase the ob-
served temperature to a value that is one to two times larger than
the effective temperature. A soft excess remains (see Fig. 7 in
Suleimanov et al. 2011). The model’s free parameters are the lu-
minosity in terms of the Eddington value and the NS radius. The
fit of this model to the first data set (see Table 2) is insufficient,
but that may be expected because model does not formally apply
to radiation at the Eddington limit. The fit to the second data set,
at sub Edddington flux levels, is not acceptable either. The data
have a broader spectrum than the model.
Scattering by the accretion disk is calculated through the
reflection model by Ballantyne (2004). In this model, black
body radiation is assumed to hit the accretion disk and in-
stantly photo-ionize it. The disk is modeled as a constant-density
1-dimensional slab. The radiation then is reprocessed by the
disk and re-emitted into the line of sight. Above a few keV
the reflected spectrum is very similar to the black body spec-
trum. Below a few keV it shows a soft excess whose detail
depends on the level of ionization. The magnitude of the soft
excess is a strong function of the density of the disk (see Fig. 4
in Ballantyne 2004). The total amount of reflection depends on
the observer’s viewing angle of the accretion disk. The model’s
free parameters are the black body temperature kT , the ion-
ization parameter log ξ (ξ in units of erg cm s−1) and the re-
flection fraction R. We first tested the disk model with density
nH = 1015 H-atoms cm−3 on the 2–5 s data, but this turns out
to be unacceptable. A model with nH = 1020 H-atoms cm−3 per-
forms better and is able to fit the soft excess reasonably. The re-
sults are provided in Table 2. The reflection fraction turns out
to be very large (10) for the 2–5 s data. It cannot be forced
to smaller values by leaving free other parameters such as NH.
That may suggest that nH is even higher, although 1023 cm−3 is
close to the maximum value in standard accretion disk theory
(Shakura & Sunyaev 1973). The strong coupling between R and
nH makes it difficult to obtain a good constraint on both, though.
Unfortunately, due to increasing importance of 3-body interac-
tions, there is no model yet available for higher nH values.
The third model involves the addition of a second black body
component with a different temperature. This is based on the
possibility that there is exists a boundary layer between the ac-
cretion disk and the neutron star where radiation is released due
to friction between both (Inogamov & Sunyaev 1999, 2010). Fits
with this model are fairly good, see Table 2. We checked whether
the small residual soft excess for the 2–5 s data is resolvable
with a smaller value for NH but it is not completely (χ2ν = 1.229
with ν = 266 for NH = 0 cm−2).
The fourth model is a straightforward variation of the ini-
tial model, namely to leave free the normalization fa (with re-
spect to the pre-burst value) of the persistent emission compo-
nent listed in Table 1. This simple model was recently employed
by Worpel et al. (2012) to model successfully 332 PCA-detected
X-ray bursts with photospheric expansion in the 3–20 keV band.
This model performs at least as well in terms of χ2ν as the dou-
ble black body and reflection model, see Table 2, but on top of
that it shows the least amount of systematic trend in the resid-
uals for both spectra. Therefore, we chose to perform the full
time-resolved spectral analysis with this model and note that
the results for the primary black body component are similar
as in the double black body model. Henceforth, we will call this
the “ fa” model.
The “ fa” model is illustrated in the bottom panel of Fig. 4
where the 2–5 s spectrum is shown after the fitted black body
model is subtracted. The model of the pre-burst spectrum is also
shown. Over the 0.5–30 keV range shown, the shape is the same
to a fairly accurate degree. To obtain a sense of how similar the
persistent spectrum during this interval is to that before the burst,
we left free in addition the power law and disk black body pa-
rameters. The best-fit power law index becomes 1.83± 0.05 and
the disk black body kTin = 1.23±0.64 (χ2ν = 0.701 for ν = 263).
Therefore, it is somewhat harder.
We defined time bins covering 200 s from the burst onset,
that were sufficiently short to resolve the spectral variations,
while maintaining adequate signal-to-noise for precise spectral
parameters. The adopted binning, achieved via trial-and-error,
totaled 47 approximately logarithmically-spaced bins between
0.1 s at burst onset and 16 s in the tail. All time bins except
one bridge the RXTE data gaps due to the full data buffer (see
Sect. 2). In Fig. 5 we show the results of fitting the “ fa” model.
The fits are excellent, except perhaps between 10 and 20 s, see
Sect. 4.3. The soft excess remains until 20–30 s after the burst
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Fig. 7 X-ray spectra during a bright burst from the millisecond pulsar SAX J1808.4−3658, ob-
served simultaneously with RXTE and Chandra, illustrating the apparent increase in the persis-
tent flux level during the burst. The top panel shows the Chandra (black crosses) and RXTE (red
crosses) spectrum, integrated over an interval 2 to 5 s after burst onset. The solid curve shows the
best-fit blackbody spectrum, including the model components for the pre-burst (persistent) radia-
tion. The model is a poor fit (reduced χ2ν = 3.505 for ν = 268 degrees of freedom), but is dramati-
cally improved if the normalization of the persistent component is also free to vary (χ2ν = 0.963 for
ν = 267). In the bottom panel the residual spectrum is plotted after subtraction of the fitted black
body model (crosses). The model for the non-burst spectrum is plotted as a histogram. For clarity
Chandra data is plotted up to 3 keV and RXTE data beyond 3 keV. Note the similarity in shape of
the residual and the persistent spectrum. Reproduced with permissi n from [132] c© ESO.
number density. Reflection further contributes a number of emission features below
3 keV as well as a free-free continuum. The strength of these features depends on
the density and composition of the reflecting material (Fig. 8).
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Fig. 8 Models of burst reflection spectra as a function of energy (from [133]). For an irradiating
blackbody spectrum with kT = 2.5 keV, the resulting reflection spectra are shown for three values
of the disk ionization parameter ξ . Especially below ≈ 3 keV, the reflection spectra depend on
the density of the inner disk (n = 1018 cm−3 for solid lines and n = 1015 cm−3 for dotted lines).
Observed reflection spectra are typically modified by relativistic Doppler broadening.
The reflection spectrum undergoes relativistic Doppler broadening from the mo-
tion of gas in the disk, which is stronger if the inner disk is closer to the neutron
star (cf. with §1.2). A reflection spectrum, therefore, contains information on the
location of the inner disk, its ionization state, composition, and density, and the ge-
ometry of the disk. Current reflection models cover only part of this large parameter
space, making accurate interpretation of the spectra challenging. Thus far, reflection
has been detected in two superbursts [137, 86, 87, 25, 89] and one intermediate du-
ration burst [138]. The reflection signals hint at a strong impact of these bursts on
their environment, showing the evolution of the disk inner radius and its ionization
parameter.
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4.2 Anisotropic Emission
An interesting consequence of reflection combined with obscuration of the neutron
star by the disk is that the observed burst flux depends on the inclination angle of
the disk with respect to the line of sight. Both the burst flux from the neutron star
and the flux from the disk are anisotropic. If the inclination angle is known, the
anisotropy factors ξ can be calculated, which are defined as L = 4pid2ξF , with L
and F the intrinsic luminosity and the observed flux, respectively, of either the star
or the disk, and with source distance d [134, 135, 136].
Unfortunately, the inclination angle of most bursting systems is poorly con-
strained (e.g. [139]). Moreover, most predictions for ξ assume that the accretion
disk is thin and extends down to the surface of the neutron star [134, 135]. At lower
mass accretion rates, however, the disk is truncated at some distance from the star.
Also, different disk shapes will alter the anisotropy ξ [136]. Lack of information on
the disk geometry hampers accurate predictions of ξ . The observation of reflection
fractions in excess of & 0.5 (the maximum for thin disks) indicates a concave ge-
ometry. For the two superbursts observed with RXTE/PCA large reflection fractions
in excess of unity were inferred [86, 25], suggesting such a disk shape. However,
because of the limited data quality alternate interpretations are possible that are con-
sistent with a thin disk [89].
The anisotropy has important consequences for a range of measured quantities,
from the burst peak flux and fluence, to the mass accretion rate derived from the per-
sistent flux. It impacts distance measurements that use the peak flux of Eddington-
limited bursts. Different values of the Eddington flux have been derived from bursts
of the same source [58], but the effect of variations in ξ in different accretion states
has not been investigated yet. Radius measurements are impacted as well, as they are
often derived from the normalization of the spectrum. Unfortunately, the effects of
anisotropy are often neglected, because the system inclination is difficult to measure
accurately.
5 Burst oscillations and the neutron star spin
The evolutionary role for accretion-powered neutron stars in low-mass binaries as
precursors to rotation-powered millisecond pulsars [140] has been well established
with the discovery of several types of coherent millisecond oscillations, by which
the neutron-star spin frequencies may be measured. Most compelling has been the
discovery of persistent X-ray pulsations at frequencies typically in the range 200–
600 Hz (e.g. [13]). Those sources also confirmed the earlier discoveries of burst
oscillations as an alternative tracer of the neutron star spin [141].
Burst oscillations are coherent, periodic variations in the X-ray intensity of burst-
ing sources that are observed during a thermonuclear burst (see [8] for a review).
These oscillations were first detected in the well-studied burst source 4U 1728−34
by RXTE shortly after its launch, in 1996 [142]. To date oscillations have been de-
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tected in 17 sources, with tentative (low significance, or single-burst detections, or
both) claims for a further 9 sources. The oscillations are detected at a typical frac-
tional amplitude of 0.05–0.2, and are within a few Hz of a frequency value charac-
teristic for each source. The oscillation frequency tends to drift upwards by 1–2 Hz
while it is present. For those sources which also show pulsations in the persistent
(accretion-powered) X-ray emission, the frequencies of the persistent pulsations and
burst oscillations are within a few Hz of each other, confirming the burst oscillation
frequency as (roughly) the neutron star spin [141]. Oscillations are not observed in
every burst, but instead are preferentially seen at high accretion rates [143, 144],
when the spectrum is in the “soft” state (see §1.2). Even in those bursts where they
are present, the oscillations are not found throughout the burst, instead tending to
occur most often in the burst rise, and less frequently through to the burst tail [27].
The mechanism giving rise to the oscillations remains unknown; candidates in-
clude the spreading hotspot model, the related “cooling wake” that follows, and
models involving surface modes of various kinds. The rise in fractional burst oscil-
lation amplitude in the early phases of the burst generally supports the hotspot model
[145, 146], although once the burning has spread to the entire surface it is difficult
to understand how oscillations can persist. If the cooling timescale is similar to the
spreading timescale, it seems possible that the temperature contrast can also pro-
duce oscillations in the tail [147], although such models have difficulty achieving
the high amplitudes that are observed. Models invoking rotation modes [148] suffer
from difficulties reproducing the observed frequency drifts [149].
In the absence of certainty as to the mechanism, much effort has been focussed on
understanding why oscillations are not seen in every burst. Studies of the assembled
RXTE sample have confirmed that oscillations preferentially occur at higher accre-
tion rates [144]. There is some evidence [94, 73] linking the presence of oscillations
in the burst tails with the characteristic evolution of the blackbody normalisation
(proportional to the emitting area, up to a factor of the colour correction; cf. with
Fig. 4). However, since the spectral evolution is also correlated with the persistent
spectral state (e.g. [51, 104], the causal relationship between these phenomena re-
mains unclear.
At the same time, theoretical studies have revisited the microphysics of the burn-
ing taking place in bursts. Simulations of flame propagation for helium detonations,
with possible application to intermediate-duration bursts (see §7.1) have been per-
formed [150, 151]; however, most bursts are likely deflagrations rather than deto-
nations. Other simulations have modelled the propagation of the burning front (e.g.
[152]), and the influence of the latitude of the ignition point and the neutron star
spin. Spreading is understood to occur at different speeds in the latitudinal and lon-
gitudinal directions, and even at different speeds towards and away from the equator
[71, 153]. The discovery of Terzan 5 X-2, a burster with a spin rate of 11 Hz (more
than an order of magnitude slower than the next fastest burster) has provided an
additional avenue to such studies [154].
Along with accretion-powered pulsations, burst oscillations have held the promise
for constraining neutron star mass and radius, via measurements of the Doppler shift
of the burst spectrum. However, the most recent studies remain inconclusive [155],
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suggesting that significantly higher signal-to-noise is required, as might be provided
by a next-generation mission such as the Enhanced X-ray Timing and Polarization
mission (eXTP; [156]), currently in phase A study with a launch expected from 2025
or beyond. Another proposed mission offering effective area significantly in excess
of the RXTE/PCA is the Spectroscopic Time-Resolving Observatory for Broadband
Energy X-rays (STROBE-X; [157])
6 mHz oscillations and marginally stable burning
Quasi-periodic oscillations (QPOs) at mHz frequencies have been detected from
≈ 5% of bursting sources. The behaviour of the mHz QPOs is related to the occur-
rence of bursts, and thus the QPOs are thought to result from an oscillatory burning
mode, as expected from marginally stable burning (regime VI in Table 1). Numeri-
cal simulations of this burning regime broadly reproduce the observed properties of
mHz QPOs, although some of the details do not match. The discrepancies are prin-
cipally related to the difficulty in matching theoretically-predicted burning regimes
to the observed mass accretion rates, and mHz QPOs may provide important insight
in how to improve theoretical expectations. Here we review the observations of the
mHz QPOs and the theory of marginally stable burning, and discuss to what extent
they match.
6.1 Observations of mHz QPOs
QPOs at frequencies of 5–10 mHz with fractional amplitudes of≈ 2% have been de-
tected in observations of 5 bursting sources: 4U 1636−536, Aql X-1, 4U 1608−52
[158] (Fig. 9), Terzan 5 X-2 [159], and 4U 1323−619 [160]. All sources likely ac-
crete hydrogen-rich material, judging from the properties of the Type I bursts that
they exhibited. The power spectrum reveals an oscillation mode with a period of a
few minutes, and the oscillations can often be seen by eye in the X-ray light curve.
The QPOs occur in a narrow range of persistent flux (or mass accretion rate) for each
source [159, 161]. For 4U 1636–536 it was shown that the frequency evolves with
time, and when it drops below a certain value, an X-ray burst occurs [162, 163, 161].
This correlation is a strong indication that the oscillatory behaviour is related to the
nuclear burning processes in the neutron star envelope. After the burst, the mHz
QPO is absent for a while, and it returns to repeat the frequency evolution before
the occurrence of the next burst. There is no apparent correlation between the fre-
quency evolution and the persistent flux. Furthermore, no (strong) correlation has
been found between the frequency and the photospheric temperature [163, 161].
However, the limits are still consistent with predictions from multi-zone models.
Phase-resolved spectroscopy has been performed for one case, and it suggests that
the oscillations are produced by a hot spot of constant temperature that is periodi-
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Fig. 9 mHz QPOs are observable in the light curve of 4U 1608−522 up to the X-ray burst around
6000 s. The amplitude of the oscillations is much smaller than the burst, and the burst peak is not
visible in this zoomed-in figure. After the burst the oscillations are no longer detected, and the
visible variability is Poisson noise. It suggests that the mHz oscillations originate from the same
location as the burst, and are likewise produced by nuclear burning in the neutron star envelope
(regime VI in Table 1). Reproduced with permission from [158] c© ESO.
cally changing in size [164]. This is at odds with the common theoretical interpre-
tation, but it remains unclear whether it signals a failing of the theory or is the result
of the limited quality of the data.
The behaviour that we described was found for all mentioned sources, except
Terzan 5 X-2. The behaviour of the bursts and mHz QPOs of this source has been
unique among the known bursters. This transient source went into a month-long
outburst in 2011, in which the accretion rate steadily increased and subsequently
decreased until the source was once again quiescent. During the outburst rise, the
burst rate steadily increased until the recurrence time was a mere 3 minutes, and
the light curve exhibited oscillations. This interval was followed by an absence of
bursts or oscillations at the highest persistent flux. As the flux gradually returned to
quiescence, the reverse was observed: oscillations reappeared, followed by bursts,
whose recurrence time increased as the flux decreased. The behaviour of Terzan 5 X-
2 is different from the other four sources, in which bursts and QPOs alternated while
the persistent flux remained approximately constant at a value corresponding to a
Thermonuclear X-ray bursts 31
much lower accretion rate. Furthermore, for those sources there is a large difference
between the burst recurrence time of several hours and the oscillation period of a
few minutes. For Terzan 5 X-2 there was no clear transition at which bursts ceased
and mHz QPOs appeared.
6.2 Theoretical interpretation: marginally stable burning
From the apparent interaction between the mHz QPOs and Type I bursts, as well
as from the energetics of the observed oscillations compared to the persistent flux,
it was argued that the mHz QPOs could be produced by a nuclear burning mode
[158, 162]. Oscillatory burning modes are predicted to be present at the transition
of stable and unstable burning [165], because of competition between heating and
cooling processes. Stable burning results from an equilibrium between cooling pro-
cesses and heating by nuclear burning, taking into account the rate at which fresh
fuel is accreted. Conversely, bursts appear after a period of accretion during which
cooling was sufficiently efficient to prevent most nuclear burning. Once the bottom
of the fuel column is compressed to reach a sufficiently high temperature and den-
sity, the nuclear burning rate runs away unstably, quickly overtaking the cooling
rate and producing a burst. At the transition between the stable and unstable burning
modes, nuclear burning is “marginally” stable: the nuclear burning rate starts to rise,
but the cooling rate quickly catches up and prevents a runaway. This alternates to
produce an oscillatory burning mode with a period, P, that is the geometric mean of
the cooling (thermal) timescale, ttherm, and the accretion timescale (time to replenish
the burned fuel), tacc: P '√tthermtacc [22]. This picture is confirmed by multi-zone
numerical simulations. The marginally stable burning mode is reproduced in a nar-
row range of mass accretion rates at the stability transition. For current standard
theory, this transition takes place at the Eddington limit, whereas mHz QPOs are
typically observed at a ten times lower mass accretion rate.
The mass accretion rate of the stability transition (M˙st) depends on the conditions
in the neutron star atmosphere and potentially the burning lattitude. These condi-
tions include the effective gravity in the neutron star envelope and the composition
of the accreted material [22, 25]. Equally important are the details of the processes
that take place in the atmosphere. In particular, an increased heat flux into the atmo-
sphere substantially lowers M˙st [23]. Similarly, turbulent mixing induced by rotation
or a magnetic field lowers M˙st by reducing the time it takes to bring fresh fuel to the
burning depth [40, 23]. Furthermore, several nuclear reactions have been identified
that play a key role in setting the stability of the burning processes. The CNO break-
out reaction 15O(α,γ)19Ne is one of the most important in this respect [28, 166, 29],
but its reaction rate is poorly constrained by nuclear experiments, leading to a sub-
stantial uncertainty in M˙st [25]. Competition of this reaction with another breakout
reaction, 18Ne(α,p)21Na, has been shown to increase the range of M˙ where burning
is marginally stable [25].
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The oscillation period depends on tacc, and is therefore expected to be a function
of M˙st. Similarly, the waveform and the amplitude of the oscillations depend on
M˙st. Additionally, changes are expected as a function of the “distance” from the
stability transition. For example, at a mass accretion rate close to M˙st, the amplitude
is smaller, the waveform is more symmetric, and the frequency is higher [25].
Marginally stable burning is an elegant explanation for mHz QPOs, as it is ex-
pected to occur in a narrow range of mass accretion rate, broadly matching observa-
tions. The predicted periods are consistent with the observed values of a few min-
utes. However, if the observed accretion timescale is considered, the predictions for
the period are actually larger. Furthermore, marginally stable burning takes place at
the transition from bursts to stable burning; this appears to be the behaviour observed
from Terzan 5 X-2, but not for the other sources, where bursts and mHz QPOs alter-
nate, and the transition to stable burning takes place at higher persistent flux [167].
Instead, these sources more closely resemble models that include a slowly decreas-
ing heat flux into the neutron star envelope. Those simulations display oscillations
with an evolving frequency up to the ignition of a burst [23]. This suggests that the
observed mHz QPOs are indicative of cooling of the atmosphere, possibly heated
by a preceding burst [161]. However, multi-zone models that self-consistently in-
clude the heating and cooling of deeper layers, do not exhibit alternating oscillations
and bursts. Therefore, while marginally stable burning is the most likely process to
power mHz QPOs, the circumstances under which it is observed are challenging to
explain with current theory.
7 Burst duration and fuel composition
The majority of observed bursts have durations of ∼ 10s to ∼ 100s. A typical burst
ignites at a depth of y ' 108 gcm−2, where the thermal timescale is of the order
of 10s. If all fuel burns quickly after ignition, this cooling timescale sets the burst
duration. If the fuel is hydrogen-rich, however, nuclear burning via the rp-process
can prolong the burst for up to ≈ 100s [e.g., 26].
Historically the burst timescale has been measured in a number of ways that
sometimes make it difficult to compare different analyses. Measurements that rely
on the length of the interval during which the burst emission exceeds some factor
of the persistent noise level, are subject to variations due to different instrumental
sensitivities. Burst decays have been fitted with single (or sometimes multiple) ex-
ponential decay segments, with the decay timescale quoted as a measure of the burst
duration (e.g., [27]). In high signal-to-noise lightcurves, such models generally offer
poor fits to the decay, and in fact more recent analysis favours power-law or more
complex combinations [168, 169]. A third, oft-quoted measure is the ratio of the
burst fluence to the peak flux, i.e. τ = Eb/Fpeak (e.g., [31]). However, this quantity
does not offer an unambiguous mapping to the burst fuel composition. For example,
mixed H/He bursts with long rp-process tails may have similar τ-values as long,
intense PRE bursts arising from ignition of a deep pile of pure He.
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In rare cases bursts have much longer durations, of minutes or tens of minutes
(intermediate duration bursts) to many hours (so-called “superbursts”). These dura-
tions cannot be explained by prolonged burning, but are comparable to the cooling
timescales of deeper layers. As it takes a longer time to accumulate a larger fuel
layer, these bursts have long recurrence times of months to years. Observations are,
therefore, rare, and have mostly been performed with wide-field or all-sky instru-
ments, which yield data of modest quality.
The long bursts reach similar peak fluxes and photospheric temperatures as reg-
ular bursts. The intermediate duration bursts all reach the Eddington limit, whereas
most superbursts have a lower peak flux. From an observer’s perspective, the main
discriminating characteristic is the long duration and correspondingly large fluence
of these events (Table 2).
Long bursts are of particular interest, because they probe deeper regions of the
neutron star envelope down to the outer crust. Furthermore, long durations allow
for more detailed spectra to be obtained, displaying interesting behaviour such as
interaction with the accretion environment (§4).
Table 2 Typical properties of Type I bursts with different durations
Normal Intermediate Superburst
Duration 10–100s few minutes–hour hours
Fluence (erg) 1039 1040–1041 1042
Recurrence time hours–days weeks–months 1 year
Ignition column depth (gcm−2) 108 109–1010 1011–1012
Number observed > 7000 a ≈ 70 b 26 c
Number of sources 110 ≈ 34 15
Fuel H/He He C
a MINBAR, http://burst.sci.monash.edu/minbar
b The long burst catalog assembled by the International Space Science Institute team on ther-
monuclar bursts (PI: A. Cumming), http://www.issibern.ch/teams/ns_burster
c [170]
7.1 Intermediate duration bursts
Intermediate burst durations have been observed with exponential decay timescales
of several minutes up to ∼ 40 minutes. These events are thought to be powered
by deep helium ignition. At low mass accretion rates of ≈ 0.001–0.01M˙Edd, the
neutron star envelope is relatively cool, allowing a large helium pile to accumulate
prior to ignition. Furthermore, at low temperatures, the ignition depth strongly in-
creases with temperature (Fig. 2), such that small temperature variations produce
bursts with a large range of ignition depths and durations. The durations can be any-
where between a few minutes to tens of minutes, and may even rival the hours-long
superbursts (§7.2). In a few cases of very low persistent flux, the burst decay could
be observed for several hours [171, 138]. Observationally, the start of these longer
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Fig. 10 Light curve of an intermediate duration burst from 2S 0918−549 observed with
RXTE/PCA. The observed count rate in the top panel exhibits strong variability in the burst tail,
which is achromatic in the PCA band pass, as it is not apparent in the hardness (the ratio of the
counts exceeding 4 keV to those below; bottom panel). The inset in the top panel zooms in on
a short “precursor” at the burst onset, marking the start of a brief period of superexpansion, dur-
ing which the burst spectrum temporarily drops below the PCA band. Although superexpansion
lasts mere seconds, photospheric radius expansion continues up to the peak in the hardness (“touch
down”). Adapted with permission from [121] c© ESO.
events often falls in a data gap, so that the burst duration and fluence are only known
approximately, making it difficult to accurately classify them. These events are ob-
served both from sources where the accretion composition is helium-rich [172] and
hydrogen-rich [173]. In the latter case, hydrogen burns at a shallow depth either sta-
bly (regime III in Table 1) or in weak flashes (regime II), producing a deep layer of
helium.
As in all energetic helium-rich bursts, the burst flux reaches the Eddington limit,
causing PRE (Fig. 10). Often the radius expansion is particularly strong, produc-
ing so-called “superexpansion” where the photospheric radius increases by a factor
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∼ 102. For two intermediate duration bursts, expansion velocities of up to 30% of
the speed of light were inferred [174]. In the tail of some intermediate duration
bursts strong flux variability is observed (Fig. 10), which may indicate interaction
between the burst and the accretion environment (see also §4). Finally, convection
at the onset of these powerful bursts can potentially mix heavy ashes into the pho-
tosphere. Combined with their relatively long duration, this makes intermediate du-
ration bursts the prime candidates for detecting redshifted spectral features from the
neutron star surface to constrain the dense matter EOS (§3.2).
7.2 Superbursts
X-ray bursts that last between several hours and a day are termed “superbursts”.
Their duration corresponds to the cooling timescale at a column depth of 1011−
1012 gcm−2. At a mass accretion rate of 0.1M˙Edd, it takes roughly a year to accu-
mulate such a layer. During that time all superbursting sources exhibit short bursts.
Therefore, the freshly accreted hydrogen and helium burns at a smaller depth, and
superbursts ignite in the carbon-rich ashes (Fig. 2). Most superbursts are observed
from sources with accretion rates of the order of 0.1M˙Edd, but exceptional cases
are known: 4U 0614+09 with ∼ 0.01M˙Edd exhibited two superbursts [172, 175],
and GX 17+2 at ∼ 1M˙Edd showed four [176]. Because their duration is often much
longer than the typical satellite (low-Earth) orbit of ≈ 90min, the start is in many
cases obscured by Earth occultations. Combined with the sparse sampling and lim-
ited data quality of all-sky instruments, this limits in many cases our ability to mea-
sure the duration and fluence of the event, and we refer instead to candidate super-
bursts. The long recurrence time makes superbursts the rarest burst category: since
their discovery [177, 137] only 25 (candidates) have been observed (see [170] for a
recent review and list of detections).
In the rare cases when the start of a superburst was observed, a short precursor
is visible directly prior to the superburst. After the carbon ignition ∼ 100m below
the neutron star surface, a sound wave may travel toward the surface ahead of the
carbon flame [178, 179, 20, 180]. As it propagates to lower density regions, it may
speed up and exceed the speed of sound, turning into a shock. When it reaches the
surface, the kinetic energy of the shock heats the outer layers, producing a short X-
ray burst. Furthermore, any hydrogen or helium present there will be burned, adding
to the energy of the precursor burst. Only in one observation could the precursor’s
fluence be accurately determined: it was 40–100% larger than the fluence of the
regular short helium bursts observed from this source, indicating that another source
of energy contributed, such as shock heating [181].
Following the precursor, the rise of a superburst light curve typically is rather
slow: in 2001, the superburst flux from 4U 1636−536 reached its peak only after ∼
900s (Fig. 3 bottom). With the exception of the 1999 superburst from 4U 1820−20,
which reached the Eddington limit [137], most superbursts likely have such a slow
rise. The shape of the light curve is attributed to the cooling of an envelope with a
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particular temperature profile [89]. This profile is left behind by the radially outward
moving carbon flame. Fits with cooling models measure a profile close to T ∝ y1/4.
This suggests that as the carbon flame moved into lower density regions near the
surface, the fraction of carbon that burned decreased, and the flame likely stalled
before reaching the photosphere.
After the superburst has decayed, it continues to have an effect on the neutron
star envelope by quenching the occurrence of regular bursts for several weeks [182].
Heat deposited by the superburst in the envelope causes freshly accreted hydrogen
and helium to burn in a stable manner (regime VII in Table 1). Even after the super-
burst has decayed, the stable burning can sustain itself for several weeks. Once the
envelope has cooled down sufficiently, the burning mode transitions back to produc-
ing bursts [180].
Superbursts ignite close to the outer crust, and are sensitive to the thermal proper-
ties at that depth. This region is rather poorly understood, with observations of cool-
ing quiescent sources suggest the presence of an unknown heat source [36, 183], and
where Urca neutrino cooling may play an important role in regulating the tempera-
ture [184]. In recent years superburst candidates have been detected from transient
sources [167, 175]. These observations pose several challenges. First, the persistent
flux may evolve on similar timescales to a superburst, and it is difficult to make
the definite determination of the thermonuclear nature of the event. Second, the
superbursts occur within months or sometimes days of the start of an accretion out-
burst [185, 186]. Current theory predicts that the outer crust of the neutron star
is not heated sufficiently at that time to ignite a carbon flash. Yet, superbursts are
observed, suggesting the presence of an unknown heat source near the superburst
ignition depth. This may be related to the shallow heat source inferred for cooling
quiescent sources [37].
It is challenging to explain the origin of the carbon fuel. Comparison of the X-
ray light curves to cooling models finds that the carbon mass fraction of the super-
burst fuel is 15− 30% [38]. The rest of the fuel may be iron and heavier elements
produced during the rp-process. If a substantial fraction is heavy isotopes near the
end point of the rp-process, their photodisintegration could account for as much as
50% of the superburst energetics [187]. However, simulations typically predict most
heavy isotopes to be near the iron-group [70, 188]. Carbon is typically not accreted
in substantial quantities, and therefore has to be produced by nuclear burning of
the accreted hydrogen and helium. 3α burning of helium during “normal” (mixed
H/He) bursts produces carbon, but the high temperatures reached during these events
enable α- and proton-captures also to destroy carbon. Detailed simulations predict
that the net carbon production by normal bursting activity is at most a mass fraction
of ≈ 5% [70]. Stable burning of hydrogen and helium can produce large quantities
of carbon [189], but this burning has also been thought to only take place at high
accretion rates, where the temperature in the envelope again is high enough to allow
for the reactions that destroy carbon. A new stable regime has recently been identi-
fied in simulations [16], where stable burning produces copious quantities of carbon
at lower mass accretion rates near 0.1M˙Edd, similar to where most superbursts are
observed. All superbursting sources also exhibit short hydrogen or helium flashes,
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but they have a high value of the α-parameter [190]. This suggests that a substantial
part of hydrogen and helium are burned in a stable manner in between the short
bursts. Future studies will need to determine if this involves the newly suggested
stable regime as a source of the carbon fuel for the superbursts.
In the absence of spectroscopic information, superbursts provide the only obser-
vational constraints on the composition of the ashes of hydrogen/helium burning
in neutron star envelopes. Furthermore, superburst ashes are compressed and form
the crust. These ashes consist predominantly of 56Fe created in nuclear statistical
equilibrium, where any heavy rp-process isotopes have been destroyed by photodis-
integration.
Fig. 11 Detailed spectroscopy and timing studies of the superburst from 4U 1636−536 observed
in 2001 with RXTE/PCA (see also Fig. 3 bottom). Left: after subtraction of the thermal continuum
spectrum, the iron emission line and absorption edge are visible as signatures of reflection off
the disk (from [77]). Right: power spectrum during the burst showing pulsations detected at the
neutron star spin frequency, Ω , as well as another mode of unknown origin at higher frequency
(from [191]).
The long durations of superbursts allow for detailed spectra to be obtained com-
pared to short bursts. Most detections are, however, with instruments that have a
relatively small effective area and a high background. The highest quality spectra
were obtained for two superbursts with the RXTE/PCA: 4U 1820−30 in 1999 and
4U 1636−536 in 2001. The spectra exhibited photoionized reflection of the burst off
the accretion disk (Fig. 11, left) and a variable persistent component (see also §4).
A detailed timing study also revealed pulsations at the neutron star spin frequency,
modulated by Doppler shifts from the binary orbit, as well as a (presumed) global
oscillation mode at higher frequency (Fig. 11 right).
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8 Thermonuclear burst simulations
Simulating X-ray bursts is a problem with extreme scales. The strong dependence of
the nuclear reaction rates on temperature demands time steps of less than a nanosec-
ond, whereas the recurrence time of bursts is hours and that of superbursts is typi-
cally a year or longer. Resolving convective mixing at the onset of a burst requires
a spatial resolution of half a centimeter [192], whereas a flame spreading around
the star travels over 30km. Furthermore, for each zone of the model thousands of
nuclear reactions have to be evaluated among hundreds of isotopic species. Numer-
ical simulations of X-ray bursts, therefore, need a large number of time steps and
zones as well as an extensive nuclear network, a computational task which is not
yet feasible on present-day hardware. All current simulations reduce the problem.
2D and 3D models explicitly model turbulent mixing, but typically simulate only
part of a burst with a small selection of nuclear reactions to limit the computational
expense. On the other hand, one-dimensional simulations include an approximation
of turbulence, but this allows them to use an implicit scheme and calculate series of
multiple complete bursts. Moreover, the number of zones in such a model is small
enough to use a full nuclear network. Here we discuss the progress in recent years
for the different categories of models.
8.1 Single-Zone Models
The largest simplification of any simulation is the one-zone model, where the entire
neutron star envelope is reduced to a single zone. Time evolution can be imple-
mented by considering the changes in the the fuel column due to accretion and nu-
clear burning. Such simplification is helpful when illustrating the different regimes
of nuclear burning ([17, 22]; see also Fig. 2). Single-zone models, however, miss
several important effects from nuclear burning taking place simultaneously at dif-
ferent depths or from the mixing of the fuel and ashes layers. That behaviour can
only be resolved with multi-zone models.
By considering only a single zone, most computational resources can be applied
to large nuclear networks. Such models are used to evaluate the impact on X-ray
burst light curves and burning ashes of uncertainties in a large number of reaction
rates [193, 194, 195]. Whereas some one-zone models include the thermodynamic
response of the neutron atmosphere to the nuclear burning, others rely on the ig-
nition conditions or even full thermodynamic trajectories from multi-zone models.
The latter is not a good approach for studying X-ray bursts, because changes to any
rate potentially produce a significant change in the temperature, invalidating the tra-
jectory. Such changes to the trajectory are difficult to predict a priori, as the nuclear
flow may progress through different branches, and a change in one reaction may
cause the nuclear flow to be rerouted through another path. The collective effect
of the reactions along the altered path can significantly affect the ashes composi-
tion and the observed light curve. Therefore, an important aspect of evaluating a
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nuclear reaction rate is its impact on changing the thermodynamic trajectory. Given
that multi-zone models can now be run relatively fast on current hardware, the use
of trajectories should be avoided, and the only remaining role for one-zone models
may be in exploratory studies of large parameter spaces, to be followed up with
multi-zone models [195].
8.2 One-Dimensional Multi-Zone Models
One-dimensional models resolve the neutron star envelope into multiple zones in
the radial direction, usually on a Lagrangian grid which employs mass coordinates.
Most simulations use an implicit hydrodynamics scheme, which assumes hydro-
static equilibrium and uses mixing length theory to approximate convection and
other turbulent mixing processes. This allows for the model to be evolved over
long times, simulating multiple complete bursts. The past decade saw the introduc-
tion of full nuclear reaction networks covering up to ≈ 1300 isotopes [70, 28, 188]
(Fig. 14). These models are being used to study a wide range of bursts and burning
phenomena [197]. A major success of these models is their good agreement with the
observed light curve of bursts from the “Clocked Burster”, GS 1826-24 [198, 196]
(Fig. 12).
The implementation of large nuclear networks confirmed that approximated net-
works were responsible for irregular bursts in past models, especially with respect
to approximations of the rp-process [69]: full reaction networks are required to sim-
ulate behaviour consistent with observations [70]. Moreover, interactions between
different zones influence the nuclear burning. Ashes of the previous burst are mixed
with fresh fuel, and typically shorten the waiting time for the next burst to ignite.
This effect is referred to as “compositional inertia” [69, 70, 188]. Bursts with a
smaller ignition column depth are less powerful, reach lower peak temperatures,
and the nuclear flow does not extend as far along the rp-process path. Therefore,
compositional inertia changes the composition of the ashes that fuel superbursts and
forms the outer crust. Although it is typically not taken into account self-consistently
in burst simulations, nuclear heating and cooling processes in the crust depend very
sensitively on the ash composition [184, 37]. Furthermore, as many of the required
nuclear reaction rates are highly uncertain, extensive studies have been undertaken
to find the most influential reactions and to quantify their effect on burst observables
[193, 194, 195]. The CNO breakout reaction 15O(α,γ)19Ne is found to be particu-
larly important for the stability of the burning processes ([28, 166, 29, 25, 195]; see
also §1.1.4 and §6.2).
The burning processes powering pure helium bursts were thought to consist of
3α and a straightforward series of α-captures. Simulations with full networks find,
however, that (α, p) reactions can produce a small number of protons. The pro-
tons act as a catalyst and substantially speed up the burning process by by-passing
12C(α,γ)16O through the faster reactions 12C(p,γ)13N(α,p)16O.
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Fig. 12 Comparison of a burst observed from GS 1826−24 with RXTE/PCA (red histogram with
error bars) and a one-dimensional multi-zone simulation with KEPLER (black line). The model
of a mixed hydrogen/helium burst (regime V in Table 1) reproduces the burst shape well. The
light curve from the peak to ≈ 120 s is shaped by the rp-process, which is modeled in full detail.
Afterwards, the flux decay follows the cooling of the neutron star envelope, which can be traced in
the observation for over 1000 s. The observed rise is slower than predicted: this may be the effect
of flame spreading, requiring multi-dimensional models. Adapted with permission from [196] c©
ESO.
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In recent years multi-zone models of deep carbon burning have been created
to model superbursts [178, 179, 180]. These models directly accrete carbon-rich
material to avoid the computational expense of simulating ∼ 103 hydrogen/helium
flashes, as well as to avoid the problem that models of hydrogen/helium typically
do not produce sufficient carbon. In some studies a hydrogen/helium atmosphere is
added to the model close to the moment of ignition, such that the effect of the deep
carbon flash on the outer atmosphere can be investigated. Hydrogen/helium burning
at the superburst onset contributes to the precursor burst [179, 180]. Furthermore,
the hot ashes of the superburst cause freshly accreted hydrogen and helium to burn
stably, quenching short X-ray bursts for days to weeks [182, 180]. An unsolved issue
is that the carbon burning propagates radially as a convective flame, but convection
is not properly modeled by implicit codes. The one-dimensional simulations find
the flame to spread supersonically as a detonation [178], whereas multi-dimensional
models of comparable carbon flames in Type Ia supernovae produce deflagrations
[199].
Multi-zone models have been very successful at simulating a wide range of ob-
served bursts and other burning behaviour (e.g. [200]). It has proven a challenge,
however, to reproduce the observed conditions where the different burning regimes
occur. In part this is due to the large parameter space that needs to be investigated
because of uncertainties in, for example, the accretion composition and key nuclear
reaction rates. Furthermore, heating and cooling processes in the crust have a strong
effect on the burning behaviour [23, 20, 24], but their influence has been explored in
a limited way thus far. The same holds true for rotationally induces turbulent mixing
[40, 23].
8.3 Multi-Dimensional Models
Multi-dimensional models of X-ray bursts either simulate a small box in the neutron
star envelope aiming to resolve convection, or they simulate flame spreading accross
the entire envelope with a cruder implementation of turbulent mixing. The earliest
efforts in the former category are simulations of deep helium ignition [150, 151],
which may be applicable to the most powerful intermediate duration bursts. For pure
helium bursts, a small nuclear network may suffice. Furthermore, these simulations
find that at large depths, the fast helium flame travels as a detonation, such that only a
short simulation time is required. Fast flame propagation could be a requirement for
explaining exceptionally fast rise times observed in the most powerful helium bursts
[174]. Recognizing that most observed bursts ignite at a shallower depth and thus
propagate more slowly as a deflagration, a new “low Mach number” code has been
developed to make simulations more efficient. The first simulations with the MAE-
STRO code have explorered the resolution requirements, and find that a zone size
of 0.5cm is required to resolve convective mixing during the burst [192, 202, 201]
(Fig. 13). Potentially, such simulations can be used to calibrate the approximation
for mixing in the one-dimensional codes.
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Fig. 13 Magnitude of the velocity field in a two-dimensional hydrodynamics simulation with
MAESTRO. Due to the large amount of heat generated by the thermonuclear runaway, convec-
tion is initiated. It dominates the energy transport shortly after the burst onset, and mixing of the
composition may deposit burst ashes close to the surface. To correctly model convective mixing
during an X-ray burst, a spatial resolution of 0.5 cm is required [192]. Adapted from [201].
At the onset of a burst, the flame travels a longer path than what can be fully re-
solved by current simulations. Two-dimensional simulations that include the radial
and latitudinal (or longitudinal) directions, adopting zones that are elongated in the
latter dimension. The zones are not fine enough to resolve the small-scale turbulence
during the convective stage at the burst onset, but they are sufficient for modeling
the larger scale mechanisms that drive the flame propagation. These simulations
find that initially, the flame must be confined by the Coriolis force and/or magnetic
tension in order to prevent it from dying out [71, 152, 153, 203]. Subsequently, a
combination of the Coriolis force, magnetic tension-induced friction in the sheared
burning front, and conduction causes the flame to spread accross the surface.
9 Nuclear experimental physics
A significant fraction of the research effort directed at thermonuclear bursts over the
last few decades has been in the area of nuclear experimental physics. The nuclear
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3α
αp process
rp process
CNO cycle
Fig. 14 Flow of nuclear reactions between isotopes with neutron number N and proton number Z,
where thicker lines represent larger net flows; from a KEPLER simulation with a solar accretion
composition [180] approximately a millisecond into the burst. Colours indicate the mass fraction
of the isotopes, and a thick border marks the stable isotopes. Helium burns via the 3α process,
followed by hydrogen burning in the βCNO cycle. Break-out from the cycle flows into the αp
process and subsequently the rp-process, which extends up to tin (Sn). At this stage of the burst,
most isotopes are unstable, meaning that after the burst they β -decay to form stable isotopes. The
most abundant isotopes along the rp-process path are at “waiting points”, such as 64Ge, 68Se and
72Kr, where reaction products accumulate due to slow subsequent β -decays.
reactions that may take place in bursts, where the temperature can reach 108−109 K,
were first explored by [15]. The most important reactions are the β -limited CNO cy-
cle, in systems that accrete hydrogen, and the triple-α reaction, which fuses helium
to carbon.
The triple-α reaction first produces carbon, which (via the CNO cycle) catalyses
the burning of hydrogen. CNO breakout reactions including 15O(α,γ)19Ne then lead
to a series of (α, p) and (p,γ) reactions (the αp-process), feeding into the rapid-
proton, or rp-process. The rp-process was identified as a key reaction chain that
could produce elements far heavier than any of the precursor reactions. However,
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experimental data for the neutron-deficient nuclei involved was lacking for many
years, forcing modelers to rely on theoretical calculations for masses and rates [204].
At the same time, it was initially unclear how far the rp-process reactions extended.
Early simulations were based on limited reaction networks, under the assumption
that further proton captures beyond 56Ni could be neglected. Such simulations also
tended to find non-negligible reaction products accumulating at the limits of the
reaction rate networks. A simulation study using a one-zone model determined the
ultimate limit of rp-process burning in the Sn-Sb-Te cycle [26] (see also [205]).
This result implies that rp-process reaction products are limited to atomic number
Z ≤ 54, and that the ashes forming the crust are made up of nuclei lighter than mass
number A≈ 107.
With the maximum extent of the rp-process burning now constrained, the goals
of experimenters became to improve the mass measurements for proton-rich nuclei
(e.g. [206]), as well as determining the key reactions that might influence the prop-
erties of the bursts. The experimental studies informed, and were further motivated
by, development of more accurate numerical models of bursts, as described in §8.
Simulations enabled a very detailed picture of the nuclear burning processes during
a burst to emerge (e.g. [30]), although the fidelity of this picture remains uncertain.
Any individual reaction will have little impact on the burst profile unless a signif-
icant fraction of the fuel mass is processed through that reaction, and it’s timescale
is unusually slow [207]. Substantial experimental work has established several such
“waiting points”, including 60Zn, 64Ge, 68Se and 72Kr (e.g. [208, 209, 210]). The
effect of the reactions which produce these nuclei is illustrated in Fig. 14, with a
substantial fraction of the mass flow “piling up” in these isotopes. Further proposed
waiting points, of 22Mg, 26Si, 30S, and 34Ar were suggested as the explanation for
seldom-observed bolometrically double-peaked bursts [211]. However, an explana-
tion for these events in terms of nuclear physics must also necessarily explain why
the double-peaked behaviour is not observed in every burst.
More systematic investigations using a combination of single- and multi-zone
models attempted to identify all of the most significant reactions that might be ex-
pected to affect the burst lightcurves [212]. These investigations were integrated
into the ongoing REACLIB7 project, which seeks to collect, curate, and distribute
data on nuclear reaction rates and masses to broadly impact the astrophyisical mod-
elling community. The most recent results from this project have provided a clear
list of priority reactions for investigation via nuclear experiment [195]. However, it
is worth noting that the sensitivity studies are based on a single burst model, and it
is possible that different reactions may have significant impacts on the lightcurves
of bursts in different regimes (see §1.1.4).
A detailed description of the nuclear experiments focussed on reactions or masses
of relevance for thermonuclear bursts is beyond the scope of this review (see instead
[213]). However, we comment that in the past few years an increasing level of in-
teraction has taken place between the experimental community, and burst observers
and modellers, enabled in a large part by the activities of the Joint Instutute for Nu-
7 https://groups.nscl.msu.edu/jina/reaclib/db
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clear Astrophysics: Centre for the Evolution of the Elements (JINA-CEE8). This
growing dialogue, in combination with new experimental techniques, and upcom-
ing hardware including the Facility for Rare Isotope Beams (from 2021 onwards),
suggest that the most exciting time for studying the nuclear reactions in bursts is yet
to come.
10 Summary and outlook
In the last decade, studies of thermonuclear bursts have entered an exciting new
phase, where the interplay of observations, numerical modelling, and nuclear ex-
periments are making substantial progress on understanding the burst phenomenol-
ogy. At the same time, the interpretation of observational data (motivated in part by
constraining the mass and radius; see [97]) has driven new investigations into the
spectral formation processes.
The diversity of burst behaviour, although still not completely understood, presents
a continuing challenge to these investigations. The computational challenges in sim-
ulating the entire neutron star surface remain, but even 1-D models are achieving
success in reproducing an increasing range of observed phenomena. Assembly and
analysis of large databases of observations and simulations appear to offer the best
chance for understanding all the possible ignition cases. More comprehensive sen-
sitivity studies have the prospects of conclusively identifying the nuclear reactions
most important to the full range of burst types, and hence directly motivating future
experimental efforts. Thermonuclear burst physics has been identified as a substan-
tial priority for future nuclear physics experiments [214].
New observations are continually being sought, with the available fleet of long-
duration X-ray missions in addition to a handful of recently-launched instruments.
The current prospects for detection of new examples of burst oscillations appear
excellent, with the 2015 launch of India’s ASTROSAT mission, featuring a large-area
proportional counter with similar capabilities to RXTE’s PCA. Early observations
of 4U 1728−34 have detected high-frequency varability as seen earlier with RXTE
[215]. The 2017 deployment of the NICER instrument to the International Space
Station offered another avenue for detection of high-frequency variability, and the
“first-light” observations have detected burst oscillations in 4U 1608−529.
These new data also offer the prospect of new insights, particularly where the
observational capabilities exceed those to date. In particular, there are exciting
prospects of more detailed burst timing and spectral information from recently-
launched large-area instruments including NICER and LAXPC, aboard ASTROSAT;
and in the more distant future, eXTP and Strobe-X. The data from these instruments
may more clearly distinguish the reflection spectrum, and perhaps also finally re-
8 http://jinaweb.org
9 http://www.nasa.gov/press-release/goddard/2017/
nasa-neutron-star-mission-begins-science-operations
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alise the promise of burst oscillations for precisely constraining neutron star mass
and radius.
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